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The  need  for  additional  capability  to  nondestructively  evaluate  concrete  in  large 
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systems  or  technology  were  contacted. 
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^  fabricated  at  Ohio  State  University  (OSU)  was  obtained  for  study.  Experimental  transducers 
were  fabricated  and  bandwidtha  were  altered  and  optimized.  Transducer  area  and  frequency 
of  operation  were  determined  and  various  piezoelectric  materials  were  studied;  acoustic  and 
electrical  matching  were  employed  to  optimize  signal  strength  and  signal-to-nolse  (S/N) 
ratio.  The  final  prototype  transducers  were  constructed  of  lead  metanlobate  (EC-82)  and 
lead  zlrconate  titanate  (PZT-5H) .  The  transducer  area  and  mass  was  reduced  by  90  percent 
and  the  S/N  ratio  was  Increased  by  200  percent  when  compared  with  the  OSU  transducer.  The 
pitch-catch  prototype  configuration  was  used  to  successfully  measure  the  thickness  of  a 
9-1/A-ln.  concrete  test  slab  with  a  S/M  ratio  of  18.  The  system  is  presently  useful  for 
making  thickness  measurements  on  concrete  pavements  and  floor  slabs.  Limited  tests  have 
shown  that  a  metal  plate  and  a  plastic  pipe  can  be  located  in  a  concrete  slab  of  9  in. 
thickness  or  less.  Also,  a  thickness  measurement  was  made  on  concrete  by  generating  wide¬ 
band  acoustic  (sonic  and  ultrasonic)  energy  by  an  Impact  hammer  and  detecting  the  echoes 
with  a  low  Q  resonant  receiver  centered  at  180  kHz.  - 

Increased  emphasis  is  being  placed  on  the  development  of  underwater  concrete  repair 
techniques.  The  extent  and  location  of  damage  must  be  known  in  order  to  determine  what 
steps  should  be  taken  to  correct  the  damage  and  to  prepare  valid  cost  estimates.  There¬ 
fore,  a  high  resolution  acoustic  mapping  system  was  developed  which  will  provide,  without 
dewatering,  an  accurate  and  comprehensive  evaluation  of  top  surface  wear  on  horizontal  sur¬ 
faces  (such  as  aprons,  sills,  Icck  chamber  floors,  and  stilling  basins)  where  turbulent 
water  flow  carrying  rocks  and  debris  may  have  caused  erosion  or  abrasion  damage.  The 
results  of  the  mapping  system  are  presented  as  real-time  strip  charts  showing  the  absolute 
relief  for  each  run,  three-dimensional  surface-relief  plots  showing  composite  data  from  the 
runs  in  each  area,  contour  maps  of  selacted  areas,  and  printouts  of  the  individual  data 
point  values.  The  system  is  designed  to  operate  in  5  to  30  ft  of  water  and  produce  accu¬ 
racies  of  ±2  in.  vertically  and  ±1  ft  laterally. 

A  study  was  performed  to  develop  engineering  guidance  to  establish  a  uniform  method 
for  evaluating  the  condition  and  safety  of  existing  concrete  structures.  The  results  of 
this  study  are  published  in  a  separate  report. 

Vibration  signatures  were  obtained  from  various  large  structures  using  the  Impact- 
resonance  technique.  Comparative  analyses  provided  Indications  of  the  general  conditions 
of  the  structures.'  The  use  of  vibration  signatures  as  a  field-inspection  technique  seems 
feasible.  - 

Mode  shapes,  resonant  frequencies,  and  damping  factors  were  measured  on  a  prototype 
concrete  wall  before  and  after  the  wrll  was  subjected  to  blast  loading.  Results  obtained 
before  and  after  the  blast  were  compared.  Results  from  damping  measurements  made  on  a 
large  dam  and  on  cylinders  made  of  similar  concrete  were  also  compared.  Tnese  comparisons 
demonstrated  that  modal  characteristics  cm  be  used  to  note  changes  in  the  boundary 
conditions  and  the  elastic  modulus  of  a  concrete  structure. 
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CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


Non-SI  units  of  nteasureuent  used  In  this  report  can  be  converted  to  SI 
(metric)  units  as  follows: 


miles  (US  statute) 
pounds  (force) 
pounds  (mass) 


square  feet 

tons  (2,000  pounds,  mass) 


0.3043 

1.355818 

25.4 

0.5144'.44 


1.609347 

4.448222 

0.4535924 


0.09290304 

907.1847 


To  Obtain 
radians 
metres 

metre-newtons 
ml llimetres 
metres  per  second 
kilometres 
newtons 
kilograms 
square  metres 
kilograms 
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DEVELOPMENT  OF  NONDESTRUCTIVE  TESTING  SYSTETIS 


FOR  IN  SITU  EVALUATION  OF  CONCRETE  STRUCTURES 


PART  I:  INTRODUCTION 

Background 

1.  The  recent  heavy  enphasls  on  the  evaluation  of  existing  drms  and  the 
shift  In  policy  from  new  construction  to  repair  and  rehabilitation  of  existing 
structures  have  created  a  need  to  develop  and  refine  nondestructive  test¬ 
ing  (NDT)  techniques  applicable  to  evaluating  the  existing  conditions  of  con¬ 
crete  structures.  Considerable  expense  and  destruction  of  a  portlo'.i  of  the 
structure  are  often  Incurred  In  the  determination  of  the  parameters  necessary 
to  establish  the  remaining  service  life,  current  and  future  safety,  extent  of 
concrete  deterioration,  and  performance  of  existing  structures.  The  nature 
and  expenses  of  destructive  methods  of  obtaining  data  often  preclude  extensive 
coverage  of  a  structure  when  It  Is  needed.  These  undesirable  features  can  be 
drastically  reduced,  or  eliminated,  by  developing  effective  and  reliable  NDT 
techniques . 

2.  The  need  for  additional  capability  to  nondestructively  evaluate  con¬ 
crete  in  large  structures  Is  similar  for  both  the  US  Army  Corps  of  Engi¬ 
neers  (CE)  and  the  US  Bureau  of  Reclamation  (USBR) .  In  view  of  this  mutual 
need,  the  CE  and  USBR  entered  Into  a  cooperative  program  of  research  and 
development  designed  to  Increase  the  NDT  evaluative  capabilities  of  these  two 
organizations,  with  each  sharing  In  the  program  planning  and  financial 
support . 


Objective 

3.  The  objective  of  the  work  unit  reported  herein  was  tc  develop  NDT 
techniques  and  systems  for  the  assessment  of  the  condition  and  performance  of 
concrete  structures. 
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Approach 


4.  The  overall  approach  for  the  investigation  consisted  of  the  follow¬ 
ing  five  concurrent  tasks: 

a.  Task  I.  Develop  nondestructive  tests  to  detect  the  presence, 

""  depth,  and  extent  of  rebar,  cracks,  or  Inferior  quality  material 
within  concrete  structures,  and  locate  voids  within  (or  under¬ 
neath)  concrete  structures  where  only  a  single  surface  is 
accessible. 

b.  Task  II.  Screen  and  Investigate  systems  and  technology  pres- 

""  ently  available  which  might  be  applicable  to  mapping  and  profil¬ 
ing  of  underwate'  'oncrete  structures  such  as  stilling  basin 
slabs  and  Iock  .  ember  floors.  Systems  and  technology  with 
developmental  potential  for  application  to  this  task  will  be 
evaluated  with  the  ultimate  goal  of  developing  a  field-testing 
system. 

c.  Task  III.  Develop  i-nglneerlng  guidance  to  establish  a  uniform 

""  method  for  evaluating  the  condition  and  safety  of  existing  con¬ 
crete  structures. 

d.  Task  IV.  Assess  the  use  of  a  structure's  vibration  slgiature 
(obtained  by  the  Impact-resonance  technique)  as  a  field  inspec¬ 
tion  too)  . 

e.  Task  V.  Investigate  the  feasibility  of  using  modal  analysis  In 

”  conjunction  with  a  finite  element  program  as  a  method  for 

assessing  the  deterioration,  structural  Integrity,  and  stability 
of  a  concrete  structure. 


Scope  of  this  Report 


5.  The  research  and  the  development  of  tests  and  systems  as  required  by 
Tasks  I  through  V  are  described  In  this  report. 
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PART  II:  TASK  I  -  NONDESTRUCTIVE  TESTING  METHODS  FOR  INTERIOR  CONCRETE 


6.  As  stated  previously,  the  objective  of  Task  I  was  to  develop  non¬ 
destructive  tests  for  (a)  detecting  the  presence,  depth,  and  extent  of  rebar, 
cracks,  or  inferior  quality  material  within  concrete  structures,  and 
(b)  locating  voids  within,  or  underneath,  concrete  structures  where  only  a 
single  surface  is  accessible. 


Background  on  NDT  Methods  for  Concrete 


7.  Information  on  the  quality  of  in-place  concrete  can  be  obtained  In  a 
number  of  ways.  Nondestructive  techniques  can  be  used  without  destroying  or 
removing  concrete.  There  are  two  mechanical  techniques  that  are  commonly  used 
to  test  concrete— the  Schmidt  hammer  and  the  Windsor  probe.  Techniques  Incor¬ 
porating  wave  propagation  principles  will  be  discussed  later. 

Mechanical  techniques 

8.  Malhotra  (1976)  presents  words  of  Interest  about  the  two  mechanical 
test  techniques. 

Weil...  and  the  RILEM*  Working  Group  on  Nondestructive 
Testing  and  Concrete...  have  pointed  out  the  need  for 
extreme  care  in  the  use  of  these  tests.  Frequent  calibra¬ 
tion  and  checking  of  the  test  hammers  are  most  desirable. 

The  type  of  cement  appears  to  affect  the  test  results;  for 
example,  concrete  made  with  hlgh-alumlna  cement  has  given 
different  results  from  concrete  made  with  portland 
cement....  It  has  also  been  reported  by  the  RILEM  Working 
Group...  that  In  one  Instance  fire-damaged  concrete  has 
given  a  higher  estimated  strength  tb-’n  comparable  undeun- 
aged  concrete.  To  correctly  interpret  the  test  data.  It 
Is  desirable  to  know  the  mix  proportions,  type  of  coarse 
aggregate  us^d,  age,  and  moisture  conditions  of  concrete 
under  test.  Well...  has  recommended  the  removal  of  soft 
mortar  layers  from  the  surface  of  concrete  before  using 
the  Impact  hammers. 

Stuviles  carried  out  by  Weil...  and  the  RILEM  Working  Group... 
Indicate  that  the  strength  of  concrete  under  investigation 
can  be  predicted  with  an  accuracy  of  20-30  percent  by  the 
use  of  test  hammers. 


*  Rdunlon  International  des  Laboratoires  d'  Essals  et  de  Recher :<ies  sur  les 
Mat^rlaux  et  les  Constructions. 
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9.  Rebound  hammer.  The  rebound  hammer «  also  called  the  Swiss  or  Schmidt 
hammer  (see  Figure  1)»  Is  used  to  assess  the  uniformity  of  concrete  In  place 
and  to  delineate  zones  or  areas  of  poor  quality  concrete. 


Figure  1 .  Schmidt  rebound  hammer  and  calibration  anvil 

10.  The  rebound  hammer  contains  a  spring-loaded  steel  hammer  which, 
when  released,  strikes  a  steel  plunger  In  contact  with  the  concrete  (ASTM 

C  805-79/CRD-C  22-80).*  The  amount  of  rebound  of  the  plunger  is  measured  oil  a 
linear  scale  attached  to  the  instrument;  In  effect,  the  plunger  rebounds 
depending  upon  the  hardness  of  the  material  struck. 

11.  Some  advantages  of  the  rebound  hammer  are  that  it  Is  portable,  easy 
to  use,  low  In  cost-per-test ,  and  can  be  used  quickly  to  cover  a  large  surface 
area.  The  hammer  Is  valuable  as  a  purely  qualitative  tool. 

12.  Halhotra  (1976)  summarizes  the  limitations  of  the  Schmidt  hammer. 

The  limitations  of  the  Schmidt  hammer  are  many;  these 
should  be  recognized  and  allowances  should  be  made  when 
using  the  hammer.  It  cannot  be  overstressed  that  this 
instrument  must  not  be  regarded  as  a  substitute  for  stan¬ 
dard  compression  tests  but  as  a  method  for  determining  the 


*  Test  methods  cited  In  this  manner  are  from  the  American  Society  for  Testing 
and  Materials  Annual  Book  of  ASIM  Standards  and  from  Department  of  the  Army, 
Corps  of  Engineers,  Handbook  of  Concrete  and  Cement. 
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uniformity  of  concrete  In  the  structures  and  conparing 
one  concrete  against  another.  Zstlmatlon  of  strength  of 
concrete  by  the  Schmidt  hammer  within  an  accuracy  of  ±15 
to  ±20  percent  may  be  possible  only  for  specimens  cast, 
cured,  and  tested  under  identical  conditions  as  those 
from  which  the  calibration  curves  are  established.  The 
prediction  of  strength  of  structural  concrete  by  using 
calibration  charts  based  on  the  laboratory  Is  not 
recommended. 

The  user  of  the  Schmidt  hammer  should  make  up  his  own  calibration  curves  for 
the  particular  concrete  under  study. 

13.  The  rebound  hammer  can  be  used  to  good  advantage  during  construc¬ 
tion.  Stowe  (1974)  used  the  hammer  to  Investigate  low  quality  concrete  In  the 
new  Walter  Reed  Hospital,  Washington,  DC.  Rebound  readings  and  compressive 
strength  results  of  cozes  were  sufficient  to  demonstrate  to  the  contractor 
that  Inadequate  concrete  existed  In  22  columns  of  the  first  floor.  The  con¬ 
tractor  removed  and  replaced  the  22  columns  at  an  estimated  cost  of  $1.5  mil¬ 
lion  (1974  coat  figure).  Additional  examples  of  application  of  the  rebound 
hammer  are  cited  In  Grleb  (1958),  Willetts  (1958),  Moore  (1973),  and  Victor 
(1963). 

14.  Windsor  probe.  Malhotra  (1976)  has  this  to  say  about  the  probe: 

The  Windsor  probe  equipment  consists  of  a  powder-actuated 
gun  or  driver,  hardened  alloy  probes,  loaded  cartridges, 
depth  gage  for  measuring  penetration  of  probes,  and  other 
related  equipment.  The  probe  is  driven  into  the  concrete 
by  the  firing  of  a  precision  powder  charge  that  develops 
an  energy  of  575  ft-lb  (779.6  N*m). 

The  Windsor  probe  is  basically  a  hardness  tester  and, 
like  other  hardness  testers,  should  not  be  expected  to 
yield  absolute  values  of  strength  of  concrete  In  a  struc¬ 
ture.  However,  like  the  Schmidt  rebound  hammer,  the  probe 
test  provides  an  excellent  means  for  determining  the  rela¬ 
tive  strength  of  concrete  in  the  same  structure  or  rela¬ 
tive  strengths  in  different  stri'.ctures  without  extensive 
calibration  with  specific  concretes.  The  calibration 
charts  provided  by  the  manufacturer  do  not  appear  to  be 
satisfactory.  It  is,  therefore,  desirable  for  each  user 
of  the  Windsor  probe  to  prepare  his  own  calibration  charts 
for  the  type  of  concrete  under  investigation.  With  change 
in  source  of  aggregates,  new  calibration  charts  become 
mandatory. 

15.  The  use  of  the  Windsor  probe  results  in  damage  to  the  concrete, 
i.e.,  the  probes  must  be  withdrawn  from  the  concrete  and  the  hole  patched. 

16.  Several  laboratory  investigations  cited  in  the  literature  deal  with 
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the  evalua.:lon  of  the  Windsor  probe  for  estimating  compressive  strength  of 
concrete  (Gaynoi  1969,  Melhotra  1970,  1971).  Klotz  (1972)  states  that  exten¬ 
sive  applications  of  the  Windsor  probe  test  system  have  been  made  for  the 
determination  of  In-place  cor  rete  strength  and  In-place  quality.  The  Windsor 
probe  has  been  used  to  test  reinforced  concrete  pipe,  highway  bridge  piers, 
abutments,  pavements,  and  concrete  damaged  by  fire.  Klotz  concludes  that  the 
probe  affords  a  quick  and  relatively  accurate  means  of  ascertaining  strength 
of  concrete;  he  does  not  define  the  term  "relatively  accurate." 

Dynamic  techniques 

17.  Ultrasonic  velocity  through- -transmission  technique.  The  ultrasonic 
pulse  velocity  method  (see  Figure  2),  ASTM  C  597-71/CRD-C  51-72,  Involves  the 
measurement  of  the  time  of  travel  of  electronlc/plezoelectrlc  pulsed  compres- 
slonal  (longitudinal)  waves  through  a  known  distance  in  concrete.  From  mea¬ 
sured  time  and  distance,  the  pulse  velocity  through  the  concrete  can  be 
calculated.  This  system  Is  most  effective  on  structures  where  two  opposite  or 
adjacent  surfaces  are  accessible.  Measurements  may  be  made  along  one  surface 
with  the  transducers  In  a  side  by  side  configuration,  but  veLccltles  obtained 
this  way  are  not  always  representative  of  the  Interior  concrete  quality.  The 
pulse  velocity  method  Is  used  extensively  in  the  field  for  determining  the 


Figure  2.  Ultrasonic  pulse  velocity  apparatus 


general  quality  of  concrete,  locating  cracked  and  inferior  concrete,  and  pro¬ 
viding  input  to  condition  surveys  of  concrete  structures.  The  equipment  is 
portable,  has  sufficient  power  to  penetrate  50  to  70  ft*  of  good  continuous 
concrete,  and  has  a  high  data  acqulsltlon-to-cost  ratio.  Standard  transducers 
and  those  which  can  be  used  in  boreholes  are  available  and  serve  to  eliminate 
most  problems  of  access  to  surfaces,  including  those  underwater.  Empirical 
correlations  between  pulse  velocities  and  compressive  strengths  have  proved 
very  useful  for  specific  structures  and  concretes  and  can  be  established  with 
limited  coring. 

18.  The  ultrasonic  through-transmission  technique  is  probably  the  most 
widely  used  method  for  the  nondestructive  evaluation  of  in-place  concrete  and 
for  providing  input  for  condition  surveys  of  CE  structures.  Velocity  measure¬ 
ments,  made  through  good  quality  continuous  concrete,  will  normally  produce 
high  velocities  accompanied  by  good  signal  strengths  whereas  poor  quality,  or 
deteriorated  concrete,  will  usually  produce  decreased  velocities  and  weak  sig¬ 
nal  strength.  Concrete  of  otherwise  good  quality,  but  containing  cracks,  may 
produce  high  or  low  velocities — depending  upon  the  nature  and  number  of 
cracks — but  will  almost  always  produce  diminished  signal  strength.  Some 
engineering  judgment  is  necessary  here  however  as  the  instrument  is  not  spe¬ 
cifically  designed  to  measure  signal  strength.  The  ultrasonic  pulse  velocity 
method  has  been  used  over  the  years  to  determine  the  general  condition  and 
quality  of  concrete,  to  assess  the  extent  and  severity  of  cracks  in  concrete, 
and  to  delineate  areas  of  deteriorated  and/or  poor  quaJlty  concrete. 

19.  The  investigation  into  the  extent  of  cracking  in  the  downstream 
gate  monolith  at  Lockport  Lock,  Illinois  Waterway  (Stowe  et  al.  1980), 

Involved  a  combination  of  ultrasonic  pulse  velocity,  dye  Injection,  and  coring 
methods.  Vertical  cracks  were  visible  on  each  of  three  exposed  vertical  faces 
of  a  monolith.  Velocity  measurements  were  made  through  sections  of  this  mono¬ 
lith  in  an  attempt  to  determine  the  depth  of  these  cracks  and  whether  they 
joined  within  the  monolith.  To  facilitate  these  measurements,  a  7-3/4-in. - 
diam  vertical  hole  was  drilled  in  the  monolith.  By  lowering  an  omnidirectional 
borehole  transducer  into  the  water-filled  hole,  it  was  possible  to  transmit 
signals  to  various  points  on  the  vertical  faces  of  the  monolith.  Results  of 


*  A  table  of  factors  for  converting  non-SI  units  of  measurement  to  SI 
(metric)  units  is  presented  on  page  3. 
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velocity  measurements  suggested  that  the  visible  crack  on  the  dovmstream  face 
extended  deep  enough  Into  the  concrete  to  affect  velocities  28  to  33  ft  from 
the  top  of  the  monolith.  Horizontal  borings  into  the  downstream  face  also 
yielded  Information  which  was  germane  to  the  interpretation  of  crack  depth. 

20.  In  another  part  of  the  structure  these  t3rpes  of  tests  were  combined 
with  dyed-water  tests  in  an  attempt  to  trace  cracks.  The  combination  of  tech¬ 
niques  resulted  in  what  was  felt  to  be  a  reliable  and  accurate  assessment  of 
the  location  and  extent  of  cracks  within  the  monolith. 

21.  A  similar  investigation  (Thornton  and  Glass  1980)  was  performed  at 
Lock  and  Dam  No.  24  on  the  Mississippi  River  where  ultrasonic  velocity  mea¬ 
surements  were  made  through  14  concrete  piers  which  constitute  part  of  the  dam 
structure.  Velocity  measurements  were  also  made  through  selected  concrete 
columns  that  support  the  service  bridge.  A  condition  survey  (Stowe  and  Thorn¬ 
ton  1981)  which  included  coring  and  laboratory  testing  of  concrete  was  per¬ 
formed  as  a  follow-up. 

22.  An  investigation  of  larger  scale  was  performed  to  determine  the 
condition  of  the  Lake  Superior  Regulatory  Structure,  Sault  Ste.  Marie,  Michi¬ 
gan.  Ultrasonic  velocity  measurements  provided  data  on  the  condition  of  the 
metal  tainter  gates,  operating  machinery,  and  concrete  piers  of  the  structure 
and  its  foundation  (Thornton  et  al.  1981). 

23.  Resonant  frequency.  Thornton  (1977)  states  that  the  resonant  fre¬ 
quency  method  (CRD-C  18-59)  involves  determination  of  natural  frequencies  of 
vibration  in  concrete  specimens.  Frequencies  of  vibration  are  then  utilized 
to  determine  various  physical  properties  of  the  specimens.  These  properties 
include  dynamic  Young's  moduli  of  elasticity  and  rigidity  (shear  modulus)  and 
Poisson's  ratio.  The  resonant  frequency  method  is  used  almost  exclusively  in 
the  laboratory,  and  at  the  US  Army  Engineer  Waterways  Experiment  Station  (WES) 
it  is  used  extensively  for  detecting  changes  in  the  dynamic  moduli  of  test 
specimens  undergoing  accelerated  freezing-and-thawlng  tests.  It  is  also  used 
as  a  monitor  for  the  progress  of  deterioration  of  bars  in  sulfate  resistance 
tests.  In  1981,  Alexander  reported  the  results  of  work  on  the  development  of 
the  resonant  frequency  technique  as  a  nondestructive  method  for  evaluation  of 
concrete  structures  in  place  and  in  real  time.  The  continuation  of  this  work 
is  a  part  of  Task  iv  of  the  study  reported  herein. 

24.  Dynamic  deflection.  The  dynamic  deflection  method  of  NDT  applies  a 
sine  wave  repetitive  force  or  oscillatory  load  to  a  slablike  or  continuous 
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system  (such  as  floor  slabs  or  pavement)  and  measures  the  deflection  produced 
In  the  system.  By  evaluating  the  deflection  measurements,  the  shape  of  the 
deflection  basin  can  be  determined.  The  dynamic  deflection  method  Is  a  very 
practical  and  useful  tool  for  the  evaluation  of  highway  and  airport  runway 
pavements,  as  well  as  other  types  of  flat  slab  concrete  construction.  The 
evaluation  Is  not  limited  to  the  quality  or  condition  of  the  structural  member 
but  can  be  extended  Into  such  areas  as  assessing  support  parameters  and  Joint 
efficiency  and  determining  extent  or  degree  of  crack  damage. 

25.  The  WES  directed  an  Investigation  In  which  this  method  was  used  to 
locate  void  areas  beneath  a  concrete-lined  river  channel  after  the  channel  had 
been  dewatered.  The  concrete  lining  consisted  of  a  6-ln. -thick,  V-shaped 
reinforced  concrete  slab  with  IV  on  6H  side  slopes.  Certain  portions  of  the 
concrete  lining  were  undermined  In  the  late  stages  of  construction  when  water 
In  the  diversion  channel  overtopped  Its  banks  and  flowed  Into  the  channel. 

The  dynamic  deflection  method  was  used  to  delineate  the  undermined  slabs  so 
that  replacement  could  be  accomplished  at  minimum  cost.  By  correlating  the 
results  of  deflection  measurements  with  the  results  of  limited  coring,  a  proce¬ 
dure  was  developed  whereby  voids  with  depths  as  small  as  1/2  In.  could  be 
detected.  Application  of  the  results  of  this  Investigation  enabled  the  sponsor 
to  realize  substantial  cost  savings. 

26.  Acoustic  emission.  When  materials  are  subjected  tc  stresses  which 
cause  them  to  be  strained  beyond  their  elastic  limit,  localized  deformations 
will  occur.  The  occurrence  of  these  deformations  in  the  forms  of  dislocation 
movement  or  microcrack  growth  results  In  the  release  of  stored  strain  energy. 
The  release  of  this  energy  causes  the  propagation  of  rapid  elastic  waves 
throughout  the  material.  These  elastic  waves  can  be  detected  as  small  dis¬ 
placements  by  sensors  placed  on  the  surface  of  the  material.  It  Is  therefore 
conceivable  that  this  method  could  be  used  as  an  early  warning  signal  to  Indi¬ 
cate  the  start  of  mechanical  failure  within  a  structure. 

27.  This  method  has  been  used  extensively  to  monitor  the  In-service 
behavior  of  pressure  vessels  to  Indicate  the  presence  and  growth  of  fatigue 
cracks  and  to  monitor  the  response  of  systems  to  preservice  load  tests. 

Although  some  work  was  dore  as  early  as  the  1950's  by  L'Hermlte  (1962),  and 
some  later  data  hove  been  published  by  Green  (1970),  Malhotra  (1972),  and 
Mlakar,  Walker,  and  Sullivan  (1981),  the  application  of  acoustic  emission 
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techniques  to  the  evaluation  of  concrete  structures  Is  very  new.  Malhotra 
(19/6)  states: 


The  acoustic  emission  methods  are  still  In  their  Infancy. 

The  equipment >  though  available  commercially ,  Is  very 
expensive,  and  proper  test  methods  have  yet  to  be  devel¬ 
oped.  Furthermore,  observations  can  be  made  only  during  a 
period  of  Increasing  deformation  and  stress,  and  this 
method  cannot  be  used  for  Individual  or  comparative  mea¬ 
surements  of  concrete  In  a  static  condition  of  loading. 

However,  this  technique  has  potential  for  nondestructive 
svaluatlon  of  loading  levels  in  structures.  It  may  be 
possible  to  monitor  large  structural  members  to  locate 
the  origin  of  cracking  and  the  zones  of  maximum  deterio¬ 
ration.  However,  at  the  present  state  of  development, 
the  cost  of  equipment  prohibits  the  use  of  this  technique 
for  the  above  type  of  Investigation  and  limits  Its  use  to 
the  testing  of  laboratory  specimens  only. 

28.  Radar .  Certain  types  of  radar  have  been  used  to  evaluate  the  con¬ 
dition  of  concrete  up  to  30  In.  In  depth.  Radar  can  differentiate  between 
serviceable  concrete  and  deteriorated  concrete.  The  deterioration  can  be  In 
the  form  of  de laminations,  microcracks,  and  structural  cracks.  Rada.:  can  also 
detect  material  changes  and  locate  where  these  changes  occur  (Alongl,  Cantor, 
and  Along!  1982). 

29.  The  ability  of  radar  to  Identify  the  condition  of  concrete  above 
water  has  been  established.  For  Instance,  radar  was  used  to  detect  voids  In 
pavements  in  the  1970s  (Lundlen  1972) .  Field  studies  also  show  excellent 
reproducibility  (Cantor  and  Knecter  1982,  Cantor  1984).  Other  laboratory  and 
field  experiments  showed  the  possibility  of  Identification  and  detection  of 
burled  containers  by  radar  (Lord,  Koerner,  and  Freestone  1982;  Bowders, 
Koerner,  and  Lord  1982). 

30.  In  1982,  a  team  from  the  US  Army  Cold  Regions  Research  and  Engi¬ 
neering  Laboratory  (CRREL)  visited  Plattsburgh  Air  Force  Base  to  Inspect  a 
cavity  which  had  been  found  under  the  airfield  pavement.  Twenty-eight  cavi¬ 
ties  were  detected  and  mapped  using  an  Impulse  radar  system  (Kovacs  and 
Morey  1983)  . 

31.  Most  of  the  developments  in  the  use  of  radar  for  the  evaluation  of 
concrete  were  taking  place  during  the  same  period  in  which  the  WES-USBR’s  NDT 
development  effort  was  getting  under  way.  With  the  exception  of  the  work  by 


Lundlen  (1972),  none  of  this  work  was  reported  until  1982.  At  this  time. 
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state-of-the-art  radar  equipment  was  very  expensive  and  It  was  uncertain 
whether  the  use  of  radar  for  the  evaluation  of  concrete  was  practical.  Con¬ 
crete  Is  placed  In  environments  of  varying  moisture  conditions  and  moisture 
Interferes  with  electromagnetic  waves  where  Interpretation  of  results  Is  con¬ 
cerned.  However,  Investigations  Into  the  use  of  radar  for  Inspection  of  con¬ 
crete  will  continue  at  WES. 

Other  methods 

32.  There  are  other  nondestructive  methods  available  which  have  not 
been  widely  used  to  gather  data  on  In  situ  concrete  structures.  These  methods 
Include:  radioactive,  nuclear,  magnetic  and  electrical  methods,  and 
microwave-absorption  techniques.  Malhotra  (1976)  describes  these  methods  In 
detail.  Clifton  et  al.  (1982)  provides  another  source  which  contains 
descriptions,  applications,  and  limitations  of  some  of  these  NDT  methods. 

Acoustic  Pulse-Echo 


Background 

33.  After  review  of  the  literature  and  evaluation  of  the  information 
available  on  methods  which  should  be  considered  for  achieving  the  objective 
defined  In  Task  I,  It  was  decided  that  the  development  of  an  acoustic 
pulse-echo  (reflection  technique)  system  should  be  the  major  effort.  There 
was  a  real  need  for  a  nondestructive  system  for  detecting  and  defining  voids 
and  discontinuities  In  and  underneath  concrete  structures.  Situations  arose 
frequently  that  called  for  the  capability  to  obtain  data  on  a  concrete  struc¬ 
ture  with  only  one  accessible  surface.  These  situations  did  not  lend  them¬ 
selves  to  Inspection  and  determination  of  problem  parameters  by  use  of 
"through-transmission,"  as  described  In  the  previous  section  on  ultrasonic 
pulse  velocity. 

34.  There  Is  no  commercially  available  ultrasonic  pulse-echo  system  for 
concrete  structure  evaluation.  Eight  years  of  research  at  Ohio  State  Univer¬ 
sity  (OSU)  (Mailer  et  al.  1970),  four  years  of  research  at  the  Illinois 
Institute  of  Technology  (Howklns  1968),  and  a  piogram  on  NDT  research  at  WES 
(Alexander  1981)  have  shown  that  the  development  of  equipment  for  ultrasonic 
pulse-echo  measurements  in  concrete  is  feasible.  These  programs,  along  with 
this  joint  WES-USBR  NDT  R&D  (Research  &  Development)  program,  have  signifi¬ 
cantly  Increased  the  state-of-the-art  knowledge  and  expertise  In  this  very 
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difficult  area  of  scientific  endeavor.  A  field-worthy  ultrasonic  NDT  pulse- 
echo  system  would  greatly  enhance  the  capability  to  evaluate  the  condition  of 
concrete  structures. 

35.  The  piezoelectric  (pressure-electric)  effect  was  discovered  in  1880 
by  Pierre  and  Jacques  Curie.  (This  was  the  same  family  who  made  the  famous 
discovery  of  radium  20  years  earlier.)  A  group  of  artificial  materials  called 
ferroelectrlcs  was  discovered  to  be  piezoelectric  by  Valasek  in  1921.  Barium 
titanate,  a  ceramic  and  ferroelectric,  was  used  extensively  in  ultrasonics 
until  the  discovery  of  lead  zlrconate  titanate  (PZT) .  "PZT"  is  a  registered 
trademark  by  the  Vemltron  Piezoelectric  Division.  PZT  was  discovered  by 
Jaffee  in  1955.  This  briefly  covers  the  history  of  materials  that  will  emit  a 
voltage  when  pressure  Is  applied,  and  vice  versa.  Piezoelectric  materials  are 
the  best  sources  for  the  production  of  ultrasonic  energy.  They  also  make  the 
best  detection  devices. 

36.  Sokolov  of  Russia  in  1929  first  suggested  the  use  of  ultrasonic 
waves  to  find  defects  In  metal  objects.  He  "sounded  out"  specimens  to  find 
those  with  faults.  Almost  simultaneously  Firestone  of  the  United  States  and 
Sproule  of  England  developed  the  first  flaw  detector  for  metale  in  1942. 
Firestone  applied  the  principles  of  the  sonic  depth  finder,  well  known  from 
ship  locating  and  depth  sounding  at  sea  (Krautkramer  and  Krautkramer  1977). 

37.  Bradfleld  (1948)  developed  an  electroacoustic  rod  transducer  in 
1948  that  enabled  him  to  make  a  thickness  measurement  on  a  2-in.  slab  of  con¬ 
crete.  Later,  he  built  a  double  transducer  (pitch-catch)  pulse-echo  system  of 
100-kHz  barium  titanate  plezoceramlcs  that  enabled  him  to  make  thickness  mea¬ 
surements  of  greater  magnitude  (Bradfleld  and  Voodroffe  1953).  Bradfleld 
modified  this  system  by  using  PZT  and  variable  angle  wedges  to  direct  the  beam 
more  efficiently.  He  was  able  to  measure  the  thickness  of  a  slab  of  concrete 
18  in.  thick,  although  noise  from  surface  waves  was  a  problem  and  the  signal- 
to-nolse  (S/N)  ratio  was  low  (Bradfleld  and  Gatfleld  1964). 

38.  In  1968,  Howkins  measured  the  thickness  of  a  10-in.  slab  with  a 
100-kHz  double  transducer  system  of  PZT  rod  elements  epoxled  into  a  luclte 
disc.  He,  too,  recognized  the  presence  of  unwanted  surface  waves  and  recom¬ 
mended  a  larger  diameter  transducer.  His  work  was  very  helpful  in  this 
investigation.  Howkins  (1968)  also  built  a  40- in.  rod  transducer  and  used  a 
nonresonant  condenser  microphone  to  pick  up  the  echo  from  a  small  ball  bear¬ 
ing  (BB)  shot  from  a  BB  gun  onto  the  end  of  the  rod;  thus,  enabling  him  to 
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determlre  the  thlcknebs  of  the  slab. 

,'(9.  Golljs  built  an  IS-ln.-dlam  ring  transducer  (doughnut  shaped)  for 
measuring  pavement  thickness.  Again,  the  surface  wave  energy  prevented  flaw 
measurements,  but  the  S/N  ratio  was  sufficient  to  measure  pavement  thickness 
within  about  2  or  3  percent.  The  system  used  lithium  sulfate  for  the  receiver. 
Barium  tltanate  was  used  initially  for  the  transmitter  and  later  PZT  (Cells 
et  al.  1966),  Colls  1968,  Mailer  et  al.  1970,  and  Mailer  1972).  A  concen¬ 
trated  effort  by  the  OSU  team  was  made  to  document  Its  work  that  permitted 
others  to  follow  up  with  less  effort.  Two  of  the  four  reports  referenced 
above  contain  over  200  pages  of  theory  and  experimental  work. 

AO.  Canfield  was  successful  In  measuring  the  thickness  of  a  5-ln.  slab 
with  80-kHz  PZT  transducers  but  was  also  plagued  with  the  problem  of  Interfer¬ 
ing  surface  waves  (Canfield  and  Moore  1967).  Claytor  measured  the  thickness 
of  a  refractory  concrete  slab  12  In.  thick  using  250-kHz  PZT  elements  with  a 
liquid  buffer  between  the  ceramic  and  the  concrete  to  reduce  surface  wave 
energy.  An  excellent  state-of-the-art  review  of  acoustic  Inspection  principles 
that  can  be  applied  to  concrete  Is  given  In  his  report  (Claytor  and  Elllngson 
1983).  Telephone  conversations  with  Howklns,  McMaster,  Colls,  Canfield,  and 
Claytor  revealed  that  only  Claytor  has  recently  been  involved  in  ultrasonic 
pulse-echo  measurements  In  concrete.  The  reports  referenced  here  describe  the 
complex  scientific  endeavor  to  develop  ultrasonic  pulse-echo  In  concrete.  The 
heterogeneous  nature  of  concrete  complicates  the  development  of  pulse-echo  for 
use  In  this  material.  Many  people  have  mistakenly  assumed  that  the  well 
established  technique  of  ultrasonic  pulse-echo  in  homogeneous  materials  can  be 
Immediately  applied  to  concrete.  This  Is  not  the  case. 

Al.  As  mentioned,  the  heterogeneous  nature  of  concrete  complicates  the 
use  of  ultrasonic  pulse-echo  as  an  evaluative  tool  for  concrete  structures. 

Many  factors  had  to  be  studied  and  evaluated  before  gaining  an  understanding 
of  the  physics  of  the  propagation  of  ultrasonic  waves  In  concrete.  Much  time 
was  required  to  find  and  study  reference  material,  prepare  laboratory  equip¬ 
ment,  and  obtain  piezoelectric  materials  (one  piezoelectric  manufacturer  took 
one  year  to  fabricate  some  special  piezoelectric  elements) . 

A2.  The  laws  of  optics  of  reflection,  refraction,  and  diffraction  had 
to  be  reviewed  and.  In  some  cases,  learned  for  the  first  time.  These  laws  of 
optics  apply  also  to  ultrasonics.  It  was  only  at  the  time  that  this  research 
program  was  ending  that  some  of  the  ideas  came  Into  better  focus.  Although 


significant  progress  was  made  with  the  development  of  a  new  transducer,  some 
ideas  will  not  be  put  into  practice  until  work  is  resumed.  WES's  plans  are  to 
continue  improving  the  development  of  the  pulse-echo  technique  as  new  funds  are 
obtained.  The  authors  have  been  challenged  by  this  program  and  have  a  desire 
to  Improve  the  system  in  hopes  of  detecting  the  presence  of  flaws  and  cracks 
in  conjunction  with  thickness  measurements  of  concrete. 

Attenuation 

43.  Energy  losses  in  concrete  are  significant.  Because  of  aggregate 
dimensions  (up  to  1-3/4  in.)  that  correspond  to  the  wavelength,  ultrasonic 
attenuation  Is  a  problem  (Bradf leld  and  Woodrof fe  1964) .  Penetration  dis¬ 
tances  will  be  reduced  if  the  frequency  is  Increased  to  obtain  better  resolu¬ 
tion.  Also,  reflections  due  to  scattering  from  aggregate-paste  Interfaces 
will  Increase  with  an  Increase  in  frequency.  Concrete  with  a  velocity  of 
14,600  ft/sec  will  have  a  wavelength  of  1.5  in.  for  a  frequency  of  100  kHz. 
Three  main  sources  of  energy  attenuation  in  concrete  are:  grains,  matrix,  and 
porosity.  The  mechanism  of  scattering  causes  more  attenuation  than  absorption 
(energy  turning  to  heat) .  Spreading  loss  due  to  beam  divergence  is  another 
problem  and  is  not  considered  under  the  definition  of  attenuation.  For  exam¬ 
ple,  a  plane  wave  would  not  show  any  signal  loss  If  the  attenuation  In  the 
concrete  was  zero  since  the  beam  has  no  divergence.  A  spherical  wave  with  no 
attenuation  would  decrease  In  proportion  to  the  Inverse  of  the  distance  from 
the  source  due  to  large  beam  divergence. 

44.  But,  back  to  attenuation.  It  can  be  seen  that  flaw  detection  In 
concrete  will  be  more  difficult  than  that  in  mortar.  The  scattered  energy 
from  various  grain  sizes  and  Interfaces  in  concrete  can  be  higher  than  the 
energy  of  reflections  from  small  cracks  and  could  therefore  prevent  detection. 
If  the  wavelength  Is  increased,  both  factors  will  decrease;  If  the  wavelength 
Is  decreased,  both  factors  will  Increase.  Neither  option  Is  suitable.  It  may 
require  a  minimum  dimension  for  flaws  In  order  that  they  be  detectable.  At 
the  present  state-of-the-art  the  best  that  can  be  accomplished  is  to  measure 
back  wall  reflections  and  reflections  from  large  dlscontlnutles  which  return 
high  energy. 

45.  When  energy  is  lost  by  absorption,  it  can  be  detected  by  amplifi¬ 
cation.  With  scattering,  however,  amplification  only  serves  to  Increase  the 
noise  level  with  the  signal  level.  Attenuation  Increases  exponentially  with 
distance.  This  Is  more  significant  than  the  simple  linear  Inverse  relationship 
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vlth  distance  that  occurs  with  spreading.  The  signal  level  at  a  distance  of 
2X  will  be  nuch  less  than  one-half  of  that  seen  at  a  distance  of  X  .  The 
basic  problem  In  developlxtg  ultrasonic  pulse-echo  for  concrete  Is  overcoming 
the  effects  of  the  heterogeneous  material.  Higher  pulse  power  Is  the  first 
obvious  solution  to  part  of  the  problem.  Golls  modified  a  Sperry  pulser  to 
deliver  twice  the  voltage  normally  needed  for  piezoelectric  loads  (Golls 
et  al.  1966).  This  reference  offers  more  information  on  energy  loss  mechanism 
such  as  attenuation,  impedance  mismatch  at  single  interfaces  (Figure  3),  and 
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■urfac*  roughness.  Also,  refer  to  the  textbook  by  Krautkremer  and  Rrautkraner 
(1977). 

Thin  flla  Interference 

46.  The  probleo  of  energy  loss  for  a  single  Interface  was  mentioned  In 
the  previous  section.  Next,  the  double  interface  problem  Is  considered.  As 
ultrasonic  energy  is  passed  through  thin  films.  Interference  effects  are  pro¬ 
duced.  Because  the  faceplate  of  a  transducer  cannot  be  In  true  ultrasonic 
contact  with  the  concrete  surface  due  to  surface  roughness,  a  liquid  couplant 
must  be  used  to  fill  air  gaps  and  provide  a  transmission  path  with  a  medium 
having  an  acoustic  Impedance  that  matches  the  concrete  and  faceplate  more 
closely  than  air.  In  effect  two  Interfaces  are  created  with  the  transducer 
faceplate  In  contact  with  the  top  surface  of  the  couplant  and  the  concrete  Is 
In  contact  with  the  bottom  surface  of  the  couplant.  Although  the  couplant 
will  produce  Interferences,  they  will  not  be  as  disrupting  as  those  produced 
by  air.  The  thin  film  Interference  produced  by  air  can  be  clearly  seen  with 
the  through-transmission  measurements.  Without  using  a  couplant,  the  attenu¬ 
ation  of  energy  Is  highly  significant. 

47.  There  are  three  special  cases  of  thin  film  thickness  mentioned  In 
the  literature  (Klnsler  and  Frey  1962): 

Case  a.  Layer  much  thinner  than  wavelength,  t  <  <  X  . 

Case  b.  Half-wavelength  layer,  t  <■  X/2  . 

Case  c.  Quarter-wavelength  layer,  t  ■  X/4. 

Note  that  this  discussion  applies  only  to  thicknesses  less  than  a  wavelength 
and,  also.  In  the  case  of  ultrasonic  pulse  echo,  the  acoustic  impedance  of  the 
faceplate,  coupling  media  and  concrete  will  all  be  different.  Figure  4  shows 
the  transmission  characteristics  of  thin  sections. 

48.  It  has  been  determined  that  maximum  transmission  will  occur  for  a 
thickness  close  to  zero  (Case  a)  and  also  for  a  half-wavelength  (Case  b) . 
Maximum  transmission  is  then  equal  to  the  transmission  coefficient  for  a  sin¬ 
gle  Interface  condition  for  these  two  cases.  See  equation  in  Figure  3.  From 
Figure  4,  It  Is  seen  that  the  poorest  transmission  occurs  for  a  layer  with  a 
quarter-wavelength  thickness.  Plexiglass  causes  less  Interference  than  alumi¬ 
num.  There  Is  another  Interesting  case  with  the  quarter-wavelength  layer. 
Instead  of  interference  occurring  as  the  graphs  shows,  100  percent  transmis¬ 
sion  will  occur  when  the  coupling  media  has  an  acoustic  Impedance  equal  to  the 
geometric  mean  of  the  Impedances  of  the  media  on  either  side  of  the  thin  film. 
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Thickness  in  Wavelengths  (t/X) 

Figure  A.  Transmission  through  thin  sections 

« 

This  condition  does  not  occur,  however,  for  concrete  testing.  In  concrete 
testing  only  Case  a  is  attempted.  That  is,  one  tries  to  obtain  a  layer  as 
thin  as  possible  by  using  a  low  viscosity  fluid  and  by  rotating  the  transducer 
back  and  forth  with  30  or  40  lb  of  force  applied  to  the  transducer  to  squeeze 
out  the  air  and  excess  fluid.  One  only  has  to  observe  the  received  signal  on 
the  oscilloscope  to  note  the  Improvement  in  reception.  The  interference 
effects  of  thin  sections  were  developed  assuming  continuous  waves.  Since 
ultrasonic  pulse-echo  involves  pulsed  waves  (band  of  frequencies)  rather  than 
continuous  waves  (single  frequency)  the  effects  mentioned  for  the  ^/4  and  X/2 
cases  only  occur  for  the  center  frequency  of  the  pulse.  Canfield  (1967) 
obtained  confusing  results  when  he  tried  to  build  a  quarter-wavelength  reso¬ 
nating  transducer  with  pulsed  excitation.  He  could  only  match  the  center  fre¬ 
quency  of  the  resonating  transducer.  The  band  of  frequencies  Chat  compose  the 
pulse  contain  a  wide  range  of  wavelengths  that  do  not  match  the  single  fre¬ 
quency  of  Cases  b  and  c.  When  the  coupling  media  is  much  less  in  dimensions 
than  any  of  the  wavelengths  in  the  band  of  frequencies  that  are  components  of 
the  pulse  then  Case  a  is  satisfied.  The  pulse  is  then  transmitted  without 
interference  and  without  distortion. 
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Diffraction 


49.  The  con'^pt  of  diffraction  (Sears  and  Zenansky  1957)  must  be  con¬ 
sidered  if  one  is  to  understand  the  generation  of  surface  waves.  Even  when 
one  uses  the  straight-line  representations  of  ^eomLtric  optics  to  detemine 
the  sound  beam  profile  of  a  plane  wave  passing  through  some  aperture,  it  is 
not  sufficient  to  explain  the  complex  sound  beam  in  the  near  field  and  the 
divergence  of  the  far  field  with  secondary  lobes  of  acoustic  energy.  It  has 
been  found  useful  to  use  a  concept  called  Huygens  principle  to  explain  dif¬ 
fraction.  At  any  point  on  the  wave  front  of  the  plane  wave  mentioned  above, 
one  can  visualize  a  small  elementary  wave  that  spreads  out  in  a  spherical 
pattern.  Graphically,  one  can  trace  the  locus  of  points  that  reinforce  when 
the  wavelengths  are  in  phase,  and  points  that  cancel  when  the  wavelengths  are 
out  of  phase.  This  concept  has  been  found  sufficient  to  describe  the  inter¬ 
ference  rings  in  Che  near  field  as  explained  in  paragraph  51.  Vhen  the  ratio 
of  the  diameter  of  Che  acoustic  source  to  the  wavelength  is  small  (D/1  s  1), 
the  sound  beam  lacks  directivity  (direction) .  Mode  conversion  and  the  genera¬ 
tion  of  surface  waves  are  produced  when  rays  of  energy  refract  into  the  con¬ 
crete  with  large  angles.  Therefore,  spurious  energy  is  reduced  considerably 
when  the  D/X  ratio  is  large  (D/X  2  15  to  20).  Any  wave  produced  other  than 
the  longitudinal  mode  will  be  spurious  and  unwanted.  Mode  conversion  produces 
shear  waves  and  combinations  of  longitudinal  and  shear  waves  arriving  at  vary¬ 
ing  times.  By  maintaining  a  large  D/X  ratio  and  hence  small  angles  of  refrac¬ 
tion  a  pure  longitudinal  mode  is  approached. 

50.  The  near  field  and  far  field  are  important  characteristics  for 
ultrasonic  transducers.  They  are  also  known,  respectively,  as  the  Fresnel 
zone  and  Fraunhofer  zone  in  ultrasonic  textbooks  (Heuter  and  Bolt  1955). 

These  fields  can  only  be  described  by  diffraction  phenomena  which  come  Into 
play  when  wavelengths  approach  the  dimensions  of  test  pieces.  Unlike  refrac¬ 
tion  and  reflection  which  occur  in  straight  lines  and  can  be  understood  with 
geometric  optics,  when  small  wavelengths  are  present,  the  wave  nature  of 
ultrasonics  must  be  considered  rather  than  thinking  of  small  bundles  of  energy 
moving  in  straight  lines. 

51.  Diffraction  theory  for  a  piston  radiating  In  an  Infinite  baffle 
(Figure  5)  has  been  studied  and  described  by  Hueter  and  Bolt  (1955).  Although 
the  results  are  not  strl.ctly  the  case  for  the  various  transducers  described  In 
this  report,  the  general  results  are  applicable.  Derivations  are  made  with 
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Figure  5.  Dlf fraction  theory  for  a  piston 
radiating  in  an  ii.flnlte  baffle  (Hueter 
and  Bolt  1955) 


continuous  waves  rather  than  pulses.  In  the  near  field  the  bean  is  parallel 
and  has  the  sane  area  as  the  transducer.  The  following  equation  yields  the 
length  of  the  near  field. 


N 


(1) 


where 

D  -  diameter  of  transducer »  M 
X  «  wavelength  of  energy,  M 

The  near  field  contains  patterns  that  produce  rings  of  Interference.  They 
resemble  bull's  eyes  with  alternate  rings  of  maximum  intensity  and  alternate 
rings  of  minimum  intensity  (see  Figure  6  (Krautkramer  and  Krautkramer  1977)). 

52.  If  one  could  Imagine  moving  a  receiver  down  the  axis  of  the  trans¬ 
ducer,  a  minimum  would  be  detected  at  N/2  and  a  maximum  at  N  .  Other  points 
between  the  face  of  the  transducer  and  the  end  of  the  near  field  (N)  while 
still  on  the  axis,  would  be  represented  by  the  following  graph  (Figure  7). 

A  natural  focus  occurs  at  a  -  N  as  the  pressure  would  be  double  the  mean 
pressure  observed  at  the  surface  of  the  transducer. 

53.  Figure  8  shows  the  sound  pattern  in  the  far  field.  Once  past  the 
near  field,  the  intensity  will  slowly  decrease  (never  going  null  as  In  the 
near  field)  with  a  rate  determined  by  the  angle  of  divergence. 


sin  a 
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circular  transducer 
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Figure  6.  Near-fleld  In  front  of  an  Ideal  pis¬ 
ton  oscillator  or  behind  a  circular  diaphragm 
In  a  plane  wave  with  distributions  of  the 
acoustic  pressure  along  sections  spaced  a  >  0, 
N/2»  and  N,  for  D/A  =  16,  with  correlated  pho¬ 
tographed  simulated  Images  of  the  beam  cross- 
section  (Krautkramer  and  Krautkramer  1977) 


Figure  7.  Acoustic  pressure  on 
the  axis  of  a  piston  oscillator 


where 


a  ■  half  angle  of  beam  divergence 
D  “  diameter  of  transducer 
A  ■  wavelength 

54.  For  a  rectangular  transducer,  the  1.22  Is  replaced  by  1.0  and  the 
diameter  is  replaced  by  or  D2  •  which  refers  to  the  length  of  either  side 
of  the  transducer.  At  a  distance  of  3N  from  the  transducer,  the  pressure  Is 
back  down  to  the  mean  pressure  and  from  there  decreases  as  the  beam  widens  and 
loses  Intensity. 

55.  As  noted,  the  ratio  of  D/A  determines  the  radiation  pattern  and, 
therefore,  how  the  acoustic  energy  Is  Introduced  Into  the  concrete.  The  fol¬ 
lowing  diagram  (Figure  9)  shows  the  radiation  pattern  for  various  D/A  ratios. 
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Figure  8.  Transition  from  near  to  far  field  with 
acoustic  pressure  distributions  In  cross  section 

as  shown 


0*  0* 


Figure  9.  Beam  patterns  for  circular  piston 
(Hueter  and  Bolt  1955) 


56.  The  key  to  reducing  the  presence  of  spurious  modes  that  Interfere  ' 
with  the  Interpretation  of  longitudinal  reflections  Is  In  the  diameter/ 
wavelength  (D/X)  ratio  of  the  transducer.  Metal  flaw  detectors  which  operate 
with  a  minimum  of  Interference  have  a  D/X  ratio  of  5  to  25.  A  large  ratio 
(>5)  produces  a  sound  beam  with  low  divergence.  The  higher  the  ratio,  the 
more  closely  the  beam  approaches  a  collimated  pattern  where  the  sound  rays 
become  parallel. 

57.  As  discussed  In  paragraph  43,  the  large  grain  size  In  concrete 
Imposes  an  upper  frequency  limit.  A  couple  of  Investigations  suggest  200  kHz 
as  an  upper  frequency  limit  for  a  transducer  for  concrete  (Howklns  1968; 
Bradfleld  and  Woodroffe  1953).  A  typical  transducer  frequency  for  metal 
ultrasonic  units  might  be  2  mHz.  This  Is  a  ratio  of  10  for  the  two  fre¬ 
quencies.  Assuming  that  the  velocities  are  about  the  same  in  concrete  and 
metal,  this  means  that  the  wavelength  In  concrete  Is  also  about  10  times 
larger  than  that  In  metal.  Therefore,  the  diameter  of  the  transducer  for  con¬ 
crete  must  be  roughly  10  times  larger  than  the  transducer  for  metal  In  order 
that  the  D/X  ratio  be  maintained  for  the  two  materials.  If  the  diameter  of 
the  transducer  for  metal  Is  0.75  In.,  then  the  diameter  of  the  transducer  for 
concrete  will  be  about  7.5  In.  Because  It  Is  expensive  to  manufacture  large 
pieces  of  ceramic  and  Impossible  to  find  nonstandard  shapes  and  sizes,  a 
mosaic  transducer  must  be  constructed  from  smaller  pieces.  Various  sizes  of 
rods,  discs,  plates,  and  other  standard  shapes  are  available.  A  mosaic.  If 
constructed  correctly,  will  perform  as  a  one-piece  ceramic. 

58.  Various  ultrasonic  phenomena  can  Influence  the  development  of  an 
ultrasonic  pulse-echo  system  for  concrete  (refer  to  Golls  (1966)  and  Mailer 
(1970)  for  more  detail  on  each  phenomenon).  Reflection  occurs  when  a  wave 
encounters  an  abrupt  change  In  the  acoustic  Impedance,  such  as  a  change  In  the 
type  of  medium.  Refraction  occurs  when  waves  encounter  another  material  with 
a  different  sound  velocity.  The  wave  assumes  a  new  direction  given  by  the 
angle  of  refraction  (Snell's  law).  Critical  angles  can  be  determined  beyond 
which  no  transmitted  or  reflected  beam  of  a  stated  velocity  can  exist.  Mode 
conversion  takes  place  at  Interfaces  where  reflection  and  refraction  occur. 
Energy  can  exist  as  a  combination  of  longitudinal,  shear,  and  surface  wave 
energy.  When  a  plane  wave  of  Infinite  cross  section  passes  through  an 
aperture,  the  emerging  beam  diverges  and  also  has  nonplanar  wave  fronts. 

These  effects  result  from  wave  Interference  (or  diffraction)  as  In  optics. 
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Similarly,  like  the  beam  pattern  from  a  transducer  of  finite  area  a  reflection 
from  u  small  discontinuity  will  have  a  diffraction  pattern. 

59.  Attenuation  consists  of  energy  losses  in  a  material  that  is  inde¬ 
pendent  of  beam  spread,  field  effects,  transducer  couplant  mismatch,  trans¬ 
ducer  loading,  or  sample  geometry.  In  such  materials,  an  attenuation  Increase 
is  usually  accompanied  by  a  noticeable  rise  in  random  reflections  or  noise 
from  scattering  surfaces,  probably  caused  by  larger  grain  faces,  excessive 
porosity,  or  numerous  Inclusions.  These  interfering  reflections  usually  limit 
the  upper  frequency  that  is  practical  for  testing  a  given  material. 

60.  Numerous  factors  affect  a  successful  measurement  in  pulse-echo,  as 
noted  above.  These  concepts  are  fully  explained  in  various  ultrasonic  publi¬ 
cations  such  as  Kirautkramer  and  Krautkramer  (1977).  Like  most  physical  prob¬ 
lems,  a  few  factors  will  be  significant  and  most  will  be  of  ordinary 
Importance.  However,  one  small  but  necessary  factor  can  prevent  the  reception 
of  discernible  echoes  if  it  is  Ignored  or  neglected. 

61.  A  number  of  concepts  that  fall  under  the  heading  of  energy  loss 
mechanliids  are  mentioned.  As  it  may  be  impossible  to  totally  cover  all  the 
mechanisms  on  the  first  prototype  transducer,  one  can  overdesign  the  power  out¬ 
put  of  the  transducer  and  Introduce  enough  energy  to  receive  detectable  echoes. 
The  OSU  team  made  use  of  this  idea.  Also,  to  hold  in  check  diffraction  prob¬ 
lems  (and  hence  surface  waves)  they  opted  for  an  excessively  large  diameter 
transducer.  Reflections  at  concrete-transducer  interfaces  and  high  standing 
wave  ratios  between  cable  and  transducer  can  be  helped  by  matching  acoustical 
and  electrical  Impedances.  Refraction  effects  can  be  advantageous  by  directing 
the  energy  from  transmitter  to  concrete  and  back  to  receiver  by  angled  trans¬ 
ducers.  Unwanted  shear  wave  energy  can  be  eliminated  by  creating  critical 
angles  with  angle  transducers  to  curb  the  effects  of  mode  conversion. 

62.  As  can  be  seen  by  the  earlier  explanation  of  the  near-  and  far- 
flelds,  pulse-echo  measurements  in  the  near  field  can  be  confusing.  That 
length  is  referred  to  as  the  zone  of  confusion  in  the  literature.  Therefore, 
it  is  best  to  measure  outside  the  near  field.  Probably,  the  ideal  near-field 
length  would  be  Just  short  of  the  thickness  desired  to  be  measured. 

Electromechanical  proper- 
ties  of  piezoelectric  elements 

63.  Table  1  shows  the  constants  that  relate  the  properties  of  various 
piezoelectric  materials  (Krautkramer  and  Krautkramer  1977).  Two  of  the  most 
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Constants  of  Some  Piezoelectric  Materials  (Krautkramer  and  Krautkramer  1977) 
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Important  constants  are  the  transmitting  constant  (<133)  and  the  receiving 
constant  (833)  (Bacon  1961) .  Subscript  3  always  refers  to  the  poling  direc¬ 
tion  of  the  piezoelectric  ceramic.  The  first  subscript  means  the  electrodes 
are  perpendicular  to  axis  3.  The  second  subscript  means  that  the  strain  or 
stress  occurs  along  axis  3.  This  represents  a  longitudinal  mode  of  operation. 

64.  Table  1  shows  that  PZT  has  the  largest  output  displacement  (d_>) 

-12 

for  a  given  excitation  voltage.  It  ranges  from  150  to  593  x  10  m/V.  The 
following  equation  (Krautkramer  and  Krautkramer  1977)  determines  the  displace¬ 
ment  developed  from  a  given  voltage: 

Ath  -  Vd^^  (3) 


where 

Ath  >  change  In  thickness,  m 

V  ~  excitation  voltage,  V 

d^^  -  transmitting  constant,  m/V 

Barium  tltanate  has  the  second  largest  d^^  constant. 

65.  The  piezoelectric  material  having  the  best  receiving  constant  (g...,) 

—3 

Is  lithium  sulfate  with  a  value  of  156  x  10  Vm/N.  The  output  voltage  V 
from  this  receiver  Is  as  follows  (Krautkramer  and  Krautkramer  1977): 

V  -  th  0  (4) 


where 

th  -  thickness,  m 

2 

0  «  acoustic  pressure,  N/m 
g^j  “  receiving  constant  (Vm/N) 

For  a  single  transducer  element  where  the  element  Is  both  the  transmitter  and 
receiver,  the  highest  loop  gain  can  be  obtained  from  PZT.  It  would  be  directly 
proportional  to  the  product  of  d  and  g  .  However,  If  separate  elements  are 
used  for  the  transmitter  and  receiver,  then  PZT  would  be  the  best  transmitter 
and  lithium  sulfate  the  best  receiver — If  nothing  other  than  gain  Is 
considered. 

66.  The  electromechanical  coupling  coefficient  represents  the  efficiency 
of  conversion  of  mechanical  energy  to  electrical  and  vice  versa.  The  coupling 
coefficient  Is  related  to  the  transmitter  constant  d  and  the  receiver 
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constant  g  by  the  following  equation  (Gulton  Industries  1980) : 


^33^3*33 


(5) 


2 

where  Y  >  Young's  modulus,  N/m  .  A  high  loop  gain  can  be  recognized  quickly 
by  noting  that  the  value  of  the  coupling  coefficient  Is  related  to  the 

product  of  d^2  833  •  seen  In  Table  1,  PZT  has  the  largest 

coupling  coefficient  (In  tne  range  of  0.6  to  0.7). 

67.  Another  important  piezoelectric  property  Is  the  acoustic  Impedance. 
To  obtain  the  highest  transmission  coefficient  through  Interfaces,  the  Impe¬ 
dance  of  the  crystal  should  be  close  to  that  of  the  test  piece.  Table  1  shows 

that  the  Impedance  of  lithium  sulfate  Is  very  close  to  that  of  concrete.  Con- 

5  2 

Crete  ranges  from  6  to  9  ^  10  gm/cm  ^  s  and  lithium  sulfate  Is  about  11 
5  2 

10  gm/cm  ^  s.  When  the  Impedances  differ  by  large  amounts,  transmission  can 
be  Improved  by  Inserting  a  third  material  between  the  crystal  and  the 
concrete,  the  third  material  should  have  an  impedance  equal  to  the  geometric 
mean  of  the  other  two  materials  (Carlin  1960) .  Aluminum  has  an  Impedance 
roughly  equal  to  the  geometric  mean  of  PZT  and  concrete.  Aluminum  Is  17  ^ 

10^  gm/cm^  ^  a  and  PZT  Is  30  ^  10^  gm/cm^  x  s. 

Z.  -/z  Z 

A  y  p  c 


Z 

c 


(6) 


Z  -  9.6 
c 

where 

Z^  »  aluminum  impedance 
Z  "  PZT  impedance 
Z^  “  concrete  impedance 
Z  ■  (gm/cm^  *  sec)  ^  10^ 

As  can  be  seen  in  Table  1,  the  acoustic  Impedance  is  the  product  of  the  density 
and  acoustic  velocity. 


29 


68.  The  resonant  frequency  f  of  a  given  crystal  Is  determined  by  the 
use  of  the  following  equation  (Krautkramer  and  Krautkramer  1977). 


f 


(7) 


where 

f  «*  frequency  He 
c  ~  acoustic  velocity,  m/s 
i  ■  length,  m 

In  Table  1  a  thickness  of  1  mm  is  assumed  and  the  resonant  frequency  is  given 
for  each  of  the  piezoelectric  materials.  Lead  metaniobate  has  the  lowest 
resonant  frequency,  because  it  has  the  lowest  velocity.  Lithium  nlobate  has 
the  highest  resonant  frequency,  because  it  has  the  highest  velocity.  This  is 
not  a  significant  factor  for  ultrasonic  pulse-echo  development  for  concrete, 
as  the  crystal  thickness  will  be  large  enough  so  that  the  crystal  will  not  be 
fragile.  Even  for  operation  at  200  kHz,  which  would  be  a  high  frequency  for 
concrete,  the  thickness  of  lead  metaniobate  would  be  almost  1/3  in. 

69.  The  mechanical  Q  should  be  low  (1-3)  to  reduce  ring  time  and  to 
obtain  good  resolution  in  pulse-echo  measurements.  See  paragraph  82  for  a 
definition  of  Q.  PZT-4  is  used  for  high  Q  operation — such  as  through  trans¬ 
mission  measurement — ^whereas  PZT-5  would  be  used  for  pulse-echo  measurements 
where  a  broad  bandwidth  signal  is  necessary  (Table  2).  Even  then,  PZT-5  would 
require  damping  to  reduce  the  Q  from  its  value  of  65-75  down  to  1-3.  Lead 
metaniobate  has  a  Q  of  10-15  which  would  require  very  little  external 
damping.  Quartz  has  a  Q  of  about  50,000! 

70.  Another  Important  concept  is  the  relative  dielectric  constant.  The 

constant  is  given  as  a  factor  which  is  related  to  the  permittivity  of  free 

-12 

space.  The  permittivity  of  free  space  is  8.85  x  10  farads/m,  and  a  relative 
dielectric  constant  of  4,000  means  that  it  is  4,000  times  as  high  as  that  of 
free  space.  The  higher  the  dielectric  constant  of  a  given  piezoelectric  mate¬ 
rial,  the  higher  is  its  capacitance.  Quartz  has  a  low  capacitance  and  PZT  has 
a  high  capacitance,  as  seen  in  Table  1. 

71.  The  capacitance  c  of  a  crystal  is  determined  from  the  following 
equation: 
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Table  2 


Typical  Electromechanical  Properties  (Vernltron 


Piezoelectric 

Division, 

no  date) 

Multi¬ 

plying 

Factor 

PZT-A 

PZT-5A 

PZT-5H 

PZT-8 

PZT-7A 

Coupling 

Coefficients 

^3 

0.70 

0.71 

0.75 

0.6A 

0.66 

Piezoelectric 

Constants 

^33 

285 

37A 

593 

225 

150 

*33 

10-3 

2A.9 

2A.8 

19.7 

25. A 

39.9 

Free  Dielectric 
Constants 

S 

1,300 

1,700 

3,A00 

1,000 

A25 

Elastic 

Constants 

Short  Circuit 

1  /  E  vE 

I/S33  -  Y33 

0 

0 

6.6 

5.3 

A. 8 

7. A 

7.2 

Density 

— 

7,600 

7,700 

7,500 

7,600 

7,600 

Mechanical  Q 

- 

500 

75 

65 

1,000 

600 

Curie  Point 

- 

325*C 

365*C 

195'’C 

300*C 

350'C 

NOTE;  d  -  resulting  straln/applled  field  In  metres  per  volt. 

g  *  resulting  fleld/applled  stress  In  volt-metres  per  newton. 

1/s  ■  Y  In  newtons  per  metre. 

Density  Is  In  kilograms  per  cubic  metre. 


C 


K-e  A 
3  o 

th 


(8) 


where 

K_  ■  relative  dielectric  coefficient 

-12 

-  permittivity  of  free  space,  8.85  ^  10  farads/m 
A  “  area  of  crystal,  m^ 
th  -  thickness  of  crystal,  m 
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A  large  capacitance  means  that  the  Impedance  (capacitive  reactance)  Is  low  as 
shown  by  the  following  equation. 


(9> 


where 

"  capacitive  reactance  (ohms) 
c  capacitance  (farads) 
u  »  frequency  (Hz) 

A  low  Impedance  Is  useful  for  delivering  large  amounts  of  energy  Into  the  crys¬ 
tal  when  used  as  a  transmitter.  Less  voltage  Is  required  to  produce  a  given 
amount  of  energy  from  PZT  than  from  Quartz.  Very  little  precaution  against 
arcing  Is  needed  for  crystals  with  a  large  dielectric  constant.  As  an  exam¬ 
ple,  two  electrodes  brought  close  to  each  other  may  arc,  but  If  a  dielectric 
such  as  a  piece  of  glass  Is  Inserted  between  the  electrodes,  the  voltage  can 
be  Increased  without  flashover  occurring.  More  energy  can  be  supplied  to  PZT 
with  untuned  (broadband)  pulsers  than  with  tuned  (narrowband)  pulsers.  Most 
conmterclal  ultrasonic  pulse-echo  units  are  tuned  pulsers  which  have  a  high 
output  liiq>edance.  This  works  well  for  quartz  and  other  crystals  having  simi¬ 
lar  dielectric  constants.  However,  PZT  requires  untuned  pulsers  such  as 
capacitor  discharge  units  (shock  excitation)  to  produce  higher  energy  pulses. 
Untuned  pulsers  have  a  low  output  Impedance  which  matches  the  Impedance  of  the 
crystal,  allowing  maximum  transfer  of  energy  to  the  crystal.  A  pulser  with  a 
gated  sine  wave  output  would  be  a  tuned  pulser. 

72.  Table  2  shows  some  of  the  electromechanical  properties  of  PZT 
(Vernltron  Bulletin).  The  relationships  between  some  of  the  constants  are 
illustrated  with  two  equations.  The  first  is  (Gulton  Industries  1980)  the 
following: 


Si  " 

Take  the  data  for  PZT-7A  as  an  example. 

d.  -  (425)8.85  x  10"^^(39.9  x  io~^) 
-12 

d23  -  150  X  10 
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The  calculated  value  agrees  with  the  value  given  In  the  table.  The  second 
equation  (Gulton  Industries  1980)  Is: 


'33 

*33 


d33  -  0.66 


8.85  X  10~^^(42S) 


7.2  X  10 


10 


(11) 


833  -  150  X  10  “ 

and  again  the  calculated  value  agrees  with  the  value  given  for  PZT-7A  In 
Table  2. 

73.  The  Ideal  piezoelectric  material  for  constructing  a  transducer  for 
ultrasonic  pulse-echo  In  concrete  would  have  a  high  transmitting  coefficient 
(d33)  like  that  of  PZT-5H.  It  would  have  a  large  receiving  coefficient  (g33) 
like  that  of  lithium  sulfate.  The  material  would  have  a  low  mechanical  Q  of 
1  to  3  with  an  acoustic  Impedance  value  In  the  range  of  concrete  (6  to  9  gm/ 
cm  •  s).  It  would  have  a  high  dielectric  constant  like  that  of  PZT-5H  and 
lov  mode  conversion  with  a  transverse  coupling  coefficient  that  Is  low  like 
lithium  sulfate.  PZT  and  quartz  create  Interference  due  to  the  large  effects 
of  mode  conversion.  Obviously,  no  single  piezoelectric  material  exists  that 
exhibits  all  of  the  desired  properties.  However,  because  cransducer  develop¬ 
ment  is  the  most  Important  factor  In  solving  the  problem  of  ultrasonic  pulse- 
echo  measurements  In  concrete,  these  properties  are  Important. 

Matching  electrical  Impedances 

74.  Not  only  Is  It  Important  to  match  acoustic  Impedances  of  the  piezo¬ 
electric  transducers  to  the  concrete,  but  also  It  Is  Important  that  the  elec¬ 
trical  Impedances  of  the  transducers  match  the  electrical  Impedances  of  the 
receiving  and  transmitting  circuitry.  Electrical  matching  of  Impedances  Is 
Important  to  obtain  maximum  efficiency  from  a  transmitter  or  receiver  (Walker 
and  Lumb  196A).  When  the  bandwidth  has  been  Increased  (Q  lowered)  by  an  ex¬ 
ternal  backing  member,  the  sensitivity  has  also  been  reduced  from  that  of  an 
air-backed  element.  However,  some  of  that  sensitivity  can  be  regained. 
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without  degrading  the  bandwidth,  by  tuning  out  the  reactance  of  the  static 
capacitance  of  the  transducer  with  the  addition  of  an  inductor.  The  electri¬ 
cal  resonance  of  the  Inductor  and  capacitor  is  tuned  to  the  nechanlcal  reso¬ 
nance  of  the  crystal  (Vernltron  Plesoelectric  Division,  no  date). 

The  shunt  static  capacitance  generally  is  undesirable, 
whether  the  device  is  designed  for  operation  at  resonance 
or  for  broadband,  below  resonance  operation.  In  elec¬ 
trically  driven  devices,  it  shunts  the  driving  amplifier 
or  other  signal  source  requiring  that  the  source  be  capa¬ 
ble  of  supplying  extra  current.  In  the  case  of  mechani¬ 
cally  driven  devices,  the  static  capacitance  acts  as  a 
load  on  the  active  part  of  the  transducer,  reducing  the 
electrical  output. 

In  non-resonant  devices,  not  much  can  be  done  about  the 
shunt  capacitance,  except  choose  a  plesoelectric  material 
having  maximum  activity.  In  resonant  devices,  however, 
the  static  capacitance  may  be  ''neutralised"  by  employing 
a  shunt  or  series  Inductor  chosen  to  resonate  with  the 
static  capacitance  at  the  operating  frequency.  This  is 
Illustrated  in  Figure  10. 

75.  The  input  Impedance  of  the  crystal  is  determined  by  the  following 
equation: 


Y  _  — ± _ 

c  2fffc 

where 

*  capacitive  reactance,  ohms 
f  ■  frequency  of  crystal,  Hs 
c  >•  capacitance  of  the  crystal,  farads 
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Figure  10.  Resonant  piezoelectric  device  with 
static  capacitance  "neutralized"  by  Inductor- 
(Vernltron  Piezoelectric  Division,  no  date) 
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The  capacitance  can  be  measured  with  an  Impedance  bridge  or  calculated  with 
the  following  equation: 


C 


th 


(13) 


where 

-  dielectric  constant  of  crystal 
"  permittivity  of  free  space,  farads/aieter 
A  ■  area  of  crystal,  m^ 
th  -  thickness  of  crystal,  m 

76,  Impedance  matching  Is  achieved  with  an  inductor,  once  the  Induc¬ 
tance  Is  calculated  with  the  following  equation.  At  resonance  the  Inductive 
reactance  Is  equal  to  the  capacitive  reactance. 


L 


(14) 


where 

L  »  Inductance  of  coll,  henries 

77.  When  a  single  transducer  Is  used  for  transmitting  and  receiving, 
optimal  matching  Is  not  possible  as  Che  pulser  has  a  different  output  liiq>e- 
dance  than  the  receiving  amplifier  would  have.  However,  where  a  separate 
transmitter  and  receiver  transducer  are  used,  optimal  matching  Is  possible  in 
both  cases  (KrauCkramer  and  Krautkramer  1977). 

78.  The  addition  of  an  Inductor  across  the  piezoelectric  transducer 
tuned  to  Che  appropriate  thickness  mode  oscillations  is  also  useful  to  avoid 
undue  excitation  of  the  lateral  ringing  of  Che  transducer  elements  (Bradfield 
1948). 

Bandwidth  measurements  and  ringing 

79.  It  is  necessary  chat  bandwidth  measurements  be  made  in  the  process 
of  constructing  a  transducer.  The  bandwidth  will  change  from  its  undampened 
condition  in  air.  As  elements  are  bonded  together  into  a  mosaic  in  various 
series  or  parallel  combinations,  the  bandwidth  will  change.  Other  factors 
that  alter  the  bandwidth  are:  the  addition  of  external  damping,  the 
installation  of  the  piezoelectric  elements  into  a  housing,  the  associated 


electrical  Impedance  placed  on  the  transducer  by  the  cable,  various  trans¬ 
mitting  and  receiving  circuitry,  and  the  mechanical  loading  of  the  test 
specimen. 

80.  Evaluation  of  the  characteristics  of  the  piezoelectric  resonator  is 
dependent  upon  accurate  measurements  of  the  physical  and  dielectric  properties 
and  liq>edance  of  the  element  or  resonator.  While  the  measurements  of  capaci¬ 
tance  and  dissipation  factor  are  relatively  simple,  the  evaluation  of  the 
critical  frequencies  must  be  carefully  performed.  The  recoimnended  test  cir¬ 
cuit  for  determining  the  critical  frequencies  and  Impedances  of  the  piezoelec¬ 
tric  resonator  Is  shown  In  Figure  11  (EDO  Western,  no  date). 


Figure  11.  Typical  circuit  for  making  band¬ 
width  measurements  (EDO  Western,  no  date) 

81.  A  sweep  oscillator  was  used  in  the  actual  bandwidth  measurements. 
The  frequency  counter  Is  only  used  when  operating  at  a  constant  frequency. 

The  sweep  oscillator  used  Is  capable  of  providing  a  sweep  voltage  for  the 
oscilloscope  that  Is  proportional  to  the  output  frequency  of  the  oscillator. 

By  repeating  the  sweep  at  a  suitable  repetition  rate,  a  continuous  bandwidth 
curve  Is  displayed  on  the  oscilloscope.  The  sweep  rate  must  be  lowered  when 
the  transducer  has  a  high  quality  factor  (Q)  (see  paragraph  82) .  A  high  Q 
transducer  requires  a  definite  amount  of  time  for  the  amplitude  to  build  up  to 
maximum  near  resonance.  If  the  Q  of  the  transducer  Is  10,  it  will  take 

10  cycles  of  excitation  to  build  up  to  96  percent  of  the  full  amplitude.  A  Q 
of  100  will  require  100  cycles  and  so  on.  The  vertical  axis  represents  the 
reciprocal  of  Impedance  or  admittance.  VTVM#2  (Vacuum  Tube  Volt  Meter)  was 
substituted  with  the  oscilloscope  and  VTVM#1  could  be  removed  after  initial 
setup  as  the  oscillator  generated  a  constant  voltage  with  frequency. 

82.  Figure  12  shows  a  bandwidth  measurement  made  on  a  PZT  (C5500)  rod 
element,  1  In.  In  length  and  1/2  in.  in  diameter.  The  horizontal  axis  Is 
scaled  at  10  kHz/cm  starting  at  zero.  The  frequency  constant  of  the  cylinder 
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was  56  kH*  x  in.  With  a  1-in.  length »  the  crystal  had  a  longitudinal  resonance 
at  56  kHx.  The  photograph  shows  that  the  undamped  crystal  has  a  sharp  Q  . 

This  means  that  the  energy  is  contained  within  a  narrow  bandwidth  of  frequen¬ 
cies.  The  equation  for  computing  the  quality  factor  Q  is: 


(15) 


Figure  12.  Bandwidth  measurement  on  a  PZT 
(C5500)  rod  element.  Resonance  occurs  at 

56  kHz 


where 

f^  ■  resonant  frequency 

f.,,  f.  -  frequencies  above  and  below  resonance  where  amplitude  Is  down 
^  by  a  factor  of  1//2  (-3dB) 

A  rough  calculation  of  Q  from  this  measurement  follows: 


_  56,000  Hz  _ 
^  2,000  Hz 


(16) 


According  to  paragraph  119,  the  time  required  QT^  for  the  crystal  to  ring 

down  to  4  percent  of  Its  original  amplitude  would  be  500  ysec  (28  x  ^  )  . 

p  UUU 

Obviously,  a  transmitter  or  receiver  with  a  500  ysec  ring-down  time  could  not 
be  used  to  measure  an  echo  through  a  9-ln.  slab  (102  ysec  round  trip)  as  It 
would  still  be  ringing  and  obscure  the  reception  of  the  reflected  signal. 
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This  example  was  used  as  an  illustration  to  point  out  the  need  for  having  a 
damped  receiver  and  transmitter. 

83.  Notice  how  the  bandwidth  measurement,  on  a  piezoelectric  rod  ele¬ 
ment,  Is  clean  and  free  of  spurious  modes  (Figure  12).  The  radial  mode  Is 
above  100  kHz  and  is  outside  the  scale  shown  on  the  photograph.  However,  the 
large  separation  In  frequency  Is  Ideally  suited  for  filtering  out  the  radial 
mode.  A  mosaic  transducer  cculd  be  constructed  with  a  number  of  these  point 
sources  to  form  a  flat  radiator  with  directivity  (Howklns  1968) .  The  higher 
frequency  radial  mode  could  be  reduced,  or  eliminated,  with  low  pass  filtering 
and  by  embedding  the  rod  elements  In  a  disc  or  plate  made  of  tungsten-loaded 
epoxy.  The  frequency  constant  of  PZT-C5500  Is  56  kHz  In.  In  the  longitudinal 
direction  and  78  kHz  In.  In  the  radial  direction.  This  means  that  the  Inter¬ 
fering  mode  would  be  three  times  as  high  In  frequency  as  the  desired  mode  for 
a  l-ln.-long,  l/2-ln.-dlam  rod  element.  Also,  the  concrete  Itself  would  act 
as  a  low  pass  filter,  since  attenuation  Is  very  high  when  the  wavelength  of 
the  Input  signal  Is  equal  to,  or  smaller  than,  the  dimensions  of  the 
aggz^egate. 

Impact-echo  measurements 

8A.  One  Important  aspect  of  ultrasonic  pulse-echo  using  Impacts  Is 
understanding  the  frequency  spectra  of  various  continuous  waves  and  transient 
signals.  Any  signal  can  be  represented  by  the  sum  of  various  sine  waves  with 
different  frequency,  amplitude,  and  phase.  A  pure  tone  Is  a  sinusoidal  wave 
of  Infinite  darat..on,  and  Its  representation  In  the  frequency  domain  Is  a  sin¬ 
gle  spectral  line  at  the  frequency  f  -  1/T.  In  Figure  13,  a  complex  harmonic 
tone  Is  shown  mad«  up  of  the  sum  of  a  fundamental  frequency  and  one  harmonic 
(Hewlett-Packard  1981).  This  Is  a  signal  of  Infinite  duration  (continuous 
wave).  There  are  two  ways  to  look  at  signals,  both  of  which  give  different 
understanding — In  the  time  domain  and  in  the  frequency  domain.  Figure  lAa,  b 
Illustrates  the  two  views  of  the  same  thing.  Information  Is  neither  gained 
nor  lost — It  Is  only  represented  differently. 

85.  A  general  principle  observed  is  that  signals  which  are  broad  In  one 
domain  are  narrow  In  the  other.  Figure  14c  Illustrates  the  two  narrow  spec¬ 
tral  lines  resulting  from  the  two  sine  wave  components  making  up  the  complex 
harmonic  tone.  Figure  15  shows  one  square  wave  signal  of  continuous  duration 
and  three  transient  signals  of  finite  duration  (Heuter  and  Bolt  1955).  As 
mentioned,  the  square  wave  of  continuous  duration  has  a  spectrum  that  occurs 
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Figure  13.  Any  real 
waveform  can  be  pro¬ 
duced  by  adding  sine 
waves  together 
(Hewlett-Packard  1981) 


Figure  14.  The  relationship  between 
the  time  and  frequency  domains* 

(a)  three-dimensional  coordinates 
showing  time,  frequency*  and  ampli¬ 
tude*  (b)  time-domain  view,  and 
(c)  frequency-domain  view  (Hewlett- 
Packard  1981) 


at  discrete  frequencies  with  narrow  lines  of  amplitude.  However*  the  opposite 
of  that  Is  true  with  the  next  three  signals  of  short  duration  In  the  time 
domain.  Each  of  these  signals  develop  spectra  that  are  of  continuous-band 
character.  The  Impact  waveform  generated  from  a  hammer  Is  very  similar  to  the 
single  square  pulse  shown  In  Figure  15b.  The  spectrum  will  dip  to  a  minimum 
at  a  frequency  equal  to  the  reciprocal  of  the  pulse  width  duration.  It  will 
then  produce  a  spectrum  that  resembles  the  locus  of  a  bouncing  ball*  with  dips 
occurring  at  Integral  multiples  of  the  fundamental.  It  can  be  seen  that  most 
of  the  energy  is  concentrated  at  the  low  frequencies  which  causes  vibration 
signals  that  can  Interfere  with  the  ultrasonic  echoes.  It  then  Is  necessary 
to  use  a  filter  to  reject  vibration  noise.  Because  a  sharp  load-pulse 
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b.  Single  Square  Pulse 
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c.  Single  Step 


d.  Single  Spike 


Figure  15.  When  time  signals  are  narrow,  the  frequency  spectruir  Is  wide 
(continuous-band);  when  the  time  domain  Is  wide,  the  frequency  domain 
yields  dlsczate  and  narrow  lines  of  energy  (Hueter  and  Bolt  1955) 
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develops  energy  up  tc  Infinite  frequencies,  there  is  enough  energy  present,  at 
lover  frequencies,  to  excite  resonances  in  a  plezoceramlc  up  to  a  few 
100,000  Hz.  Figure  16  shows  the  load  signal  In  the  time  domain  and  Its  re¬ 
spective  energy  content  In  the  frequency  domain  (Hewlett-Packard  1981).  As 
mentioned,  the  shorter  the  pulse  Is  In  the  time  domain,  the  broader  the  spec¬ 
trum  In  the  frequency  domain. 

86.  A  primary  effort  was  made  to  determine  the  state-of-the-art  of 
damping  piezoelectric  materials  to  prevent  ringing.  It  was  found  that  trans¬ 
ducer  companies  were  reluctant  to  discuss  the  t}rpe  of  material  and  techniques 
used  to  obtain  various  bandvldths  and  sensitivities  of  piezoelectric  elements 
as  this  was  proprietary  Information.  A  number  of  investigators  have  done 
research  on  damping  plezoceramlcs  with  epoxy-loaded  backings  to  obtain  desired 

Time  domain  Frequency  domain 


(a)  Sine  Wave 
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Figure  16.  Frequency  spectrum  example  (Hewlett-Packard  1981) 


bandvldchs  (Kossoff  1966;  Washington  1961;  and  Lutsch  1961).  A  mixture  of 
epoxy  and  tungsten  povder  will  produce  a  good  acoustic  impedance  match  with 
that  of  PZT.  This  match  will  produce  a  minimum  of  reflection  at  the  PZT/ 
backing  interface  and  allow  most  of  the  energy  leaving  the  back  face  of  the 
crystal  to  enter  into  the  backing.  If  the  pulse  reflects  back  into  the  crys¬ 
tal)  it  will  cause  ringing.  Lutsch  also  used  rubber  powder  in  the  backing  to 
Increase  the  attenuation  and  reduce  reflections  from  the  back  end  of  the  back¬ 
ing.  Washington  found  that  a  mixture  of  2:1  by  weight  of  tungsten: epoxy  gave 
a  good  backing.  Increasing  the  amount  of  tungsten  above  this  produced  marginal 
Improvements.  Kossoff  found  that  a  quarter  wavelength  layer  matched  to  the 
load  and  a  low  liiq>edance  backing  that  was  also  a  quarter  wavelength  thick  gave 
the  best  bandwidth)  with  reduced  sensitivity.  He  worked  with  PZT-7A. 

87.  There  are  mainly  three  different  ways  to  damp  a  transducer.  First) 
a  Hopklnson's  bar  that  has  a  long  backing  behind  the  transmitted  pulse  can  be 
used.  This  serves  to  delay  the  echo  from  the  end  of  the  bar  until  echoes  have 
been  received  from  the  concrete..  Second)  a  shorter  backing  can  be  used.  This 
backing  matches  the  crystal  in  Impedance)  but  yet  has  high  attenuation  proper¬ 
ties  to  dissipate  the  energy  leaving  the  back  face  of  the  cryrtal  and  to  elim¬ 
inate  the  standing  waves  in  the  backing.  This  same  idea  is  used  with 
electrical  cables  in  transmission-line  calculations  for  electrical  power  prob¬ 
lems.  And  finally)  the  third  technique, Involves  using  a  quarter  wavelength 
backing  that  does  not  compromise  the  sensitivity  of  the  transducer  as  much  but 
gives  a  wider  bandwidth.  Canfield  and  Moore  (1967)  tried  to  use  the  third 
technique  to  measure  thickness  of  concrete  but  had  limited  success.  The  pur¬ 
pose  then  is  to  terminate  the  back  face  of  a  crystal  in  its  characteristic 
Impedance.  By  definition  the  characteristic  Impedance  of  a  material  is  the 
Impedance  required  to  eliminate  reflections.  As  in  eleci.rlcal  cables,  an 
Infinite  length  is  not  required  for  a  backing  to  eliminate  standing  waves. 

88.  To  accurately  reproduce  transients  with  an  undamped  (resonant) 
transducer,  make  sure  that  the  natural  period  of  the  transducer  is  much  lower 
than  the  width  of  the  pulse  being  measured  so  that  operation  occurs  in  the 
broadband  portion  of  the  frequency  response  curve  and  the  transducer  does  not 
resonate.  With  one-half  sine  or  triangular  transients,  the  transducer's 
natural  period  should  be  less  than  one-fifth  the  pulse  duration  (Stein  1964) 
for  faithful  reproduction. 

89.  This  becomes  much  more  critical  with  short  square  transients  like 
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one  produced  by  sharp  Inpacts  from  a  Schmidt  hammer.  A  typical  Impact  wave¬ 
form  is  shown  in  Figure  17.  The  trace  is  load  versus  time.  The  width  of  the 
pulse  is  70  usee.  Since  the  curve  is  the  result  of  an  impact  on  a  metal  load 
cell  housing  the  actual  pulse  width  of  an  Impact  directly  on  the  softer  con¬ 
crete  surface  would  create  a  wider  pulse.  However,  the  rise  time  is  still 
sharp  when  the  hammer  Impacts  the  concrete  directly. 

90.  With  these  sharp  Impact  pulses  the  rise  time  of  the  pulse  becomes 
the  determining  criteria  rather  than  the  pulse  width.  If  the  rise  time  is 
short  in  comparison  with  the  pulse  width,  as  much  as  100  percent  overshoot  is 
present  (caused  by  subsequent  excitation  of  the  transducer  natural  period) . 


Figure  17.  Typical  load  pulse  produced 
from  Impact  on  concrete  with  a  Schmidt 
hammer 

If  filtering  is  not  used  to  clear  the  ringing,  then  it  is  desirable  that  the 
transducer  have  a  natural  period  of  one-third  the  rise  time,  or  less.  If  it 
took  5  usee  for  a  70-U8ec  width  pulse  to  rise,  then  one  would  need  a  trans¬ 
ducer  with  a  natural  period  of  five-thirds  usee,  or  less,  to  accurately 
resemble  the  pulse  without  ringing  and  overshooting.  That  corresponds  to  a 
frequency  of  600  kHz. 

91.  So,  in  summary,  a  much  shorter  natural  period  is  required  for  the 
transducer  to  reproduce  a  rectangular  pulse  than  a  sine  pulse.  Or,  the  reso¬ 
nant  frequency  of  the  transducer  must  be  much  higher  to  reproduce  rectangular 
waves  chan  to  reproduce  sine  wave  pulses. 

92.  At  the  beginning  of  this  research  program,  the  main  emphasis  was  on 
damping  a  piezoelectric  element.  The  problem  of  ringing  in  the  transducer  was 
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responsible  for  obscuring  the  arrival  of  echoes.  If  one  transducer  was  being 
used  for  the  transmitter  and  receiver.  It  was  necessary  for  the  ringing  In  the 
transducer  to  stop  before  the  echo  arrived  so  the  transducer  could  respond  as 
a  receiver.  The  problem  seemed  to  be  a  matter  of  reducing  the  mechanical 
quality  factor  Q  without  excessively  sacrificing  the  sensitivity  of  the 
transducer. 

93.  Jones  (1962)  reports  that  due  to  the  difficult  problems  In  damping 
low  frequency  transducers  (~100  kHz).  It  was  Impossible  to  operate  a  common 
transmitter-receiver  system  In  concrete  measurements  as  It  Is  so  common  with 
higher  frequency  measurements  on  metal.  Because  the  task  of  developing  a 
damped  transmitter  with  large  power  output  seemed  to  be  a  difficult  task.  It 
was  decided  to  Introduce  the  energy  by  Impact.  Previous  tests  with  Impact 
measurements  on  concrete  piles  (Alexander  1980)  revealed  the  presence  of 
strong  sonic  energy  and  also  ultrasonic  energy.  Impacts  with  short  pulse 
widths  would  be  Introduced  Into  the  concrete  and  a  damped  broadband  receiver 
would  be  developed  Instead  of  a  low  Q  resonant  transducer  to  detect  the 
echoes. 

94.  Bradfleld  (1948)  measured  the  thickness  of  a  1-ln.  and  a  2-ln.  slab 
of  concrete  using  a  magneto  strlctlon  rod.  A  small  coll  was  used  around  the 
rod  to  Induce  a  short  mechanical  pulse  of  about  12-yBec  width.  Another  coll 
around  the  l/4-ln.-dlam  rod  was  used  as  a  pickup  coll.  Although  the  system  had 
poor  sensitivity.  It  did  solve  thi  ringing  problem.  Two  acoustic  pulses  will 
be  gener.  d,  traveling  In  opposite  directions  from  the  coll,  when  the  coll  Is 
electrically  excited.  See  paragraph  87.  The  rod  was  2  ft  6  In.  long,  and  It 
delayed  the  pulse  that  left  the  back  end  of  the  transmitter  coll  long  enough 
for  the  front  end  pulse  to  be  reflected  from  the  back  wall  of  the  concrete  and 
received  at  the  pickup  coll  before  the  other  pulse  was  received  from  the  re¬ 
flection  off  the  back  end  of  the  nickel  rod.  The  rod  was  further  encased  In 
sponge  rubber  to  ^  Tp  dissipate  the  pulse  of  energy  traveling  to  the  back  end 
of  the  .  .:a.  An  •  I  serious  loss  of  energy  occurred  at  the  Interface  of  the 
rod  and  concrete  due  to  the  large  acoustic  Impedance  mismatch  (see  Figure  3). 

95.  Howklns  (1968)  also  used  a  40-ln.  steel  rod  with  the  top  end  case 

hardened  to  recelv  '  small  ball  bearing  (BB)  from  an  air  gun.  He  was  able  to 
produce  a  pulse  a  aurt  as  10  psec.  He  used  a  condenser  microphone  (ultrami¬ 

crometer)  as  a  receiver.  The  receiver  was  designed  for  the  low  acoustic 
Impedance  of  air  and,  therefore,  presented  a  serious  mismatch  with  that  of 
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concrete.  The  system  was  subject  to  noise  as  the  sensitivity  of  the  micro¬ 
phone  was  very  low.  However.  Howklns  was  able  to  measure  the  thickness  of  a 
lO'in.  slab  of  concrete. 

96.  Figure  18  shows  the  first  transducer  built  at  HES.  It  was  a  steel 
rod  7  ft  long  and  1/2  in.  in  diameter.  A  l/2~ln.-dlam  PZT  element,  about 
1/16  in.  thick  and  initially  resonant  at  1.2  mHs.  was  bonded  with  silver  epoxy 
to  the  lower  end  of  the  rod.  A  short  piece  of  rod  1-1/2  in.  long  was  bonded 
to  the  front  face  of  the  crystal.  It  took  840  ysec  for  a  pulse  to  travel  from 
the  piezoceramic  to  the  top  of  the  rod  and  back  to  the  crystal.  This  allowed 
enough  time  to  get  a  number  of  echoes  from  the  9-ln. -thick  slab  shown  in  the 
photograph.  The  two-way  travel  time  in  the  slab  was  102  ysec.  The  energy  was 


Figure  18.  PZT-steel  rod  transducer  (7  ft 
by  1/2  in.) 


introduced  iuto  the  slab  with  a  Schmidt  hammer.  Initially,  to  Increase  the 
high  frequency  content  a  piece  of  1/4-in. -thick  steel  was  bonded  to  the  sur¬ 
face  of  the  concrete  and  the  Impact  was  made  on  the  plate.  The  sonic  pulse- 
echo  measurement  is  shown  in  Figure  19.  The  horizontal  time  base  is  scaled  at 
SO  ysec/cm.  At  least  three  echoes  can  be  seen  at  100.  200.  and  300  ysec.  The 
top  of  the  waveform  is  flattened  as  the  input  amplifier  is  being  overdriven 
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Figure  19.  Sonic  echoes  from  concrete  slab 
measured  with  steel  rod  transducer*  impact 
made  on  a  steel  plate 

because  of  the  high  acoustic  energy  from  the  hanmer.  This  Hopklnson's  bar 
demonstrates  that  measurements  can  be  made  when  a  sensitive  bro-.iband  receiver 
is  available.  However,  the  long  rod  is  not  practical  for  field  work  and  would 
probably  never  be  feasible  for  detecting  flaws.  In  Figure  20,  a  pulse-echo 
measurement  is  shown  where  an  impact  was  made  directly  on  concrete,  without 
the  steel  plate.  The  horizontal  scale  is  20  ysec/cm  and  the  arrival  time  is 
roughly  100  ysec.  The  rise  time  is  obviously  too  slow  for  accurate  thickness 
measurements. 

97.  The  load-pulse  from  the  hammer  does  not  necessarily  match  with  the 
longitudinal  mode  of  resonance  of  the  concrete.  The  width  of  the  load  pulse 
(contact  time)  would  have  to  be  equal  to  1/2  the  period  (T)  of  the  longitudi¬ 
nal  resonance  In  the  concrete.  The  amplitude  of  the  echo  would  maximize  if 
the  hanmer  matched  the  concrete  as  explained.  It  Is  necessary  that  the  con¬ 
tact  time  of  the  hammer  be  equal  to  or  less  than  1/2  T  of  the  concrete  to 
properly  resolve  echoes  In  the  time  domain. 

98.  Another  rod  transducer  was  built  (Figure  21).  It  also  consisted  of 
a  PZT  element  resonant  at  1.2  mHz,  before  damping.  The  acoustic  Impedance  of 
aluminum  is  closer  to  concrete  than  steel,  and  It  was  hoped  this  aluminum  rod 
might  Improve  measurements.  Also,  the  rod  was  only  about  3  ft  long  as  com¬ 
pared  with  the  steel  rod  of  7  ft.  No  significant  Improvement  was  noted. 


Figure  20.  Sonic  echoes  from  concrete  slab 
with  steel  rod  transducer*  Impact  directly 
on  concrete 


ducer  with  FZT  element 

99.  Next,  a  mosaic  of  PZT  elements  taken  from  a  James  Electronics 
transducer  was  used  with  a  backing  of  epoxy  mixed  with  lead  powder.  The  Idea 
was  to  terminate  the  back  side  of  the  crystal  In  Its  own  characteristic  Impe¬ 
dance  with  the  damping  of  lead  being  high  enough  to  totally  prevent  reflec¬ 
tions,.  This  would  allow  the  transducer  to  be  short  In  length  and  field-worthy. 
Here,  the  Idea  was  to  match  the  backing  with  the  PZT  In  Its  acoustic  Impedance 


•o  that  tha  tranaAlaslon  coafflciant  vaa  high  at  this  interface.  Once  all  the 
energy  vas  Introduced  into  the  backing  without  reflections  at  the  interface,  it 
was  hoped  that  enough  lead  was  added  to  the  back  of  the  crystal  to  dissipate 
the  energy  before  reflections  could  cowe  froa  the  back  side  of  the  backing  and 
return  to  the  crystal  (see  paragraph  94).  Bandwidth  curves  are  shown  of  the 
mosaic  before  and  after  damping  (see  Figures  22  and  23). 

100.  Both  horizontal  scales  run  from  0  to  100  kHz.  Obviously,  the  damp¬ 
ing  was  successful  (as  far  as  the  response  being  flat)  throughout  the  range  of 
Interest.  However,  the  sensitivity  was  reduced  considerably  by  the  damping 
and  (more  than  was  necessary)  as  the  lead/epoxy  backing  produced  a  partially 
shorted  path  for  the  output  voltage  where  the  ceramic  crystals  were  molded 
into  the  backing.  Early  experiments  had  shown  that  a  larger  grain  combined 
with  epoxy  still  had  high  Insulation  properties.  This  was  not  the  case  with 
small  sized  lead  powder.  The  lead  powder  used  in  the  backing  would  pass  a 
100  mesh  sieve  (150  pm  openings).  The  transducer  is  shown  in  Figure  24.  The 
thickness  measurement  on  the  9-ln.  slab  is  shown  in  Figure  25.  A  low  pass 
filter  was  used  to  pass  frequencies  below  10  kHz.  The  horizontal  scale  is 
20  psec/cm  with  arrival  time  at  roughly  100  psec. 

101.  At  this  point  it  was  felt  that  measuresients  of  the  impact  pulse 
lacked  the  necessary  rise  time  and  sensitivity  for  the  accuracy  needed  in 
pulse-echo  measurements  in  concrete.  Too  much  of  the  energy  was  in  the  sonic 
range  rather  than  the  ultrasonic  range.  In  other  words,  a  much  shorter  pulse 
was  needed  with  higher  intensity.  An  air  pistol  that  shot  steel  ball  bear¬ 
ings  (BB's)  was  obtained.  The  small  projectiles  were  fired  onto  a  steel  plate 
epoxled  to  the  surface  of  the  concrete.  Successful  measurements  were  made  on 
a  3-ln. -thick  slab  using  the  steel  rod  transducer  (referred  to  earlier).  How¬ 
ever,  even  tht^jgh  the  pulse  was  about  20  psec  wide,  the  measurements  lacked 
sufficient  accuracy. 

102.  The  idea  of  using  a  resonant  ultrasonic  receiver,  rather  than  a 
nonresonant  one,  was  then  considered.  In  the  effort  to  develop  a  broadband 
receiver  that  would  accurately  reproduce  the  shape  of  the  load-pulse,  it  was 
temporarily  forgotten  that  some  ringing  might  be  acceptable  for  shorter  wave¬ 
lengths.  In  fact,  the  greatest  sensitivity  of  a  ceramic  exists  at  resonance. 
The  rlngtlme  need  only  be  less  than  the  time  between  echoes.  Since  an  impact 
consists  of  broadband  energy,  it  was  thought  that  the  higher  frequency  com¬ 
ponents  from  an  Impact  could  be  used  to  excite  a  damped  but  narrow  band 
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receiver  In  the  ultrasonic  range.  The  low  frequency,  large  amplitude,  coni' 
pressional  load-pulse  could  be  filtered  out  of  the  composite  signal  as  It 


Figure  25.  Thickness  messurenent  on  concrete 
slab  with  lead-backed  PZT  transducer 

would  be  noise  for  all  practical  purposes.  Various  undamped  transducers  were 
then  tested.  Almost  all  of  the  time,  the  resonance  of  the  transducer  was  so 
low  In  amplitude  that  It  could  not  be  seen  In  the  presence  of  the  lower  fre¬ 
quency  Impact  pulse.  By  using  a  high  pass  filter  with  cutoff  above  the  lower 
frequencies  that  make  up  the  load  pulse  spectrum  (but,  below  the  resonance  of 
the  crystal)  the  resonance  was  observed. 

103.  A  number  of  PZT  (C5500)  ceramic  elements  were  purchased  for  that 
purpose.  The  elements  were  1/4  In.  In  diameter  and  1/4  In.  In  length.  The 
undamped  natural  frequency  was  about  200  kHz.  A  backing  of  tungsten-loaded 
epoxy  was  used  for  matching  and  damping.  A  1/4-ln.  faceplate  of  aluminum  was 
Installed  on  the  front  face  of  the  crystal.  A  small  wire  was  soldered  to  the 
silver  electrodes  on  the  back  side,  and  a  thin  foil  of  brass  was  cemented  with 
silver  epoxy  between  the  aluminum  and  front  electrode  of  the  crystal.  The 
ground  end  was  tied  to  this  foil.  The  bandwidth  measurements  of  the  undamped 
and  damped  ceramic  are  shown  In  Figures  26  and  27. 

104.  The  first  horizontal  scale  Is  50  kHz/cm  with  resonance  at  about 
190  kHz.  The  second  trace  Is  scaled  at  36  kHz/cm  and  the  main  resonance  has 
been  reduced  to  180  kHz  with  a  much  lover  Q  .  Numerous  spurious  modes  are 
present  In  the  trace  due  to  high  mode  conversion  of  PZT  (see  paragraph  73) . 

105.  Again,  measurements  were  made  of  the  9-ln.  slab  using  the  L-6 
Schmidt  hammer  directly  on  Che  concrete  (Figure  28) .  Horizontal  scale  Is 
50  psec/cm. 


Figure  26.  Bandwidth  mea¬ 
surement  of  undamped  PZT 
(C5500)  element  (1/4  In. 
dlam  and  1/4  In.  length) 


Figure  28.  Pulse-echo 
measurements  on  9-in. 
slab  and  PZT  (CSSOu' 
transducer 
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106.  Disregarding  the  first  pulse  (trigger  of  trace  may  be  delayed  from 
beginning  of  Impact),  each  succeeding  pulse  Is  roughly  100  psec  apart.  How¬ 
ever,  the  response  from  a  second  Impact  would  not  always  duplicate  the  previous 
one.  Results  were  somewhat  confusing  at  this  stage,  but  future  Investigation 
should  reveal  the  source  of  confusion.  It  appears  that  surface  waves  are  not 
producing  a  problem  even  though  diffraction  theory  says  that  a  small  area 
Impact  has  no  directivity  In  the  beam  profile.  Transducer  theory  states  that 
the  pulse  width  of  the  Impact  (-70  psec)  should  be  one-half  of  the  period  of 
the  natural  frequency  of  the  crystal  to  produce  maximum  excitation  (Stein 
1964).  This  would  mean  that  It  would  be  most  efficient  for  a  crystal  having  a 
resonance  at  7,150  Hz  ^f  ■  2(7o'  psec)^  *  crystal  resonates  at  around 

110  kHz  which  Is  15  times  the  optimum  frequency  from  the  hammer.  Spectrum 
analysis  tests  on  the  Schmidt  hammer  show  the  Impact  frequency  content  to 
follow  the  "bouncing  ball"  spectrum  of  a  rectangular  pulse  (see  the  negative¬ 
going  rectangular  pulse  In  Figure  29  and  the  corresponding  frequency  spectrum 
In  Figure  30) . 


Figure  29.  Rectangular  pulse  from  an  electronic 
pulse  generator  (similar  to  load  pulse 
from  Schmidt  hammer) 

107.  The  width  of  the  pulse  Is  100  psec  from  an  electronic  pulse  genera¬ 
tor,  The  first  null  of  the  frequency  content  curve  Is  at  1/T  ■  10  kHz  ;  the 
second  null  at  20  kHz  and  so  forth.  However,  the  frequency  of  the  optimum 
energy  is  from  0  to  5  kHz.  The  next  main  peak  would  be  at  15  kHz,  then  25  kHz, 
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Figure  30.  Spectrum  of  rectangular  pulse 
from  an  electronic  pulse  generator 

and  so  on.  We  can  see  that  there  Is  a  component  of  energy  up  at  higher  fre¬ 
quencies  that  can  be  used  to  resonate  a  crystal.  Not  only  will  the  broadband 
spectrum  of  energy  from  a  Schmidt  hammer  excite  the  fundamental  resonant  fre¬ 
quency  of  a  crystal  15  times  higher  In  frequency  than  the  optimum  hammer  fre- 
_^uency,  but  one  could  use  a  crystal  having  a  fundamental  resonance  of  5»000  Hz 
^  (100  psec^  and  only  pass  the  fifteenth  harmonic.  This  may  be  as  efficient 
as  the  previous  example. 

108.  With  only  limited  Investigation,  It  would  seem  that  two  of  the  main 
concerns  of  Impact  measurements  are  not  a  problem:  (a)  that  s  r  ->.11  transmit¬ 
ter  area  will  create  surface  waves  that  will  Interfere  with  detection;  and 

(b)  that  a  sharp  Impact  will  not  produce  sufficiently  high  frequency  energy  to 
Introduce  ultrasonic  energy  Into  the  concrete,  near  200  kHz.  Some  disadvan¬ 
tages  are  that  the  spherical  wave  created  will  generate  other  Interfering 
waves  through  mode  conversion  and  also  that  a  larger  area  of  concrete  will 
receive  (and  reflect)  energy  rather  than  a  smaller  desirable  area  Just  under 
the  hammer. 

109.  Limited  tests  were  made  on  determ'fr>''ng  the  thickness  of  a  concrete 
slab  with  an  Impact-resonant  technique.  Previously  continuous  wave  measure¬ 
ments  had  been  made  In  the  time  domain  (Muenow  196  }.  However  these  latter 
tests  Involved  analysis  In  the  frequency  domain.  The  received  signal  was  dis¬ 
played  with  a  frequency  analyzer.  In  this  test  the  longitudinal  resonance  In 
the  thickness  direction  was  detected  with  a  broadband  pickup,  l.e.,  a  pickup 
that  was  broadband  In  the  range  of  the  particular  resonance  of  Interest. 


Figure  31  shows  a  resonance  at  4200  Hz.  The  horizontal  axis  Is  scaled  at 
1  kHz/cn.  The  concrete  slab  tested  was  1.5  ft  thick,  and  was  backed  by  soil. 
The  energy  was  Introduced  with  a  Schmidt  rebound  hammer  and  the  reverberations 
were  detected  with  an  accelerometer.  The  equation  describing  the  relationship 
Is: 


where 


V  -  2  fl 


(17) 


V  -  concrete  velocity  (13,020  ft/sec) 
f  *  frequency  of  resonance 
I  thickness,  ft 

The  above  measurement  gave  a  thickness  of  1.55  ft.  The  velocity  used  In  the 
calculation  was  determined  on  a  concrete  wall  adjacent  to  the  concrete  slab 
which  was  measured  with  a  through-transmission  type  ultrasonic  pulse  velocity 
Instrument. 


Figure  31.  Response  spectrum  from  a  1.5-ft- 
thlck  concrete  slab  from  an  Impact  with  a 
concrete  rebound  hammer 

110.  Since  the  area  of  the  hammer  tip  Is  small,  the  distribution  of  the 
energy  Introduced  Into  the  concrete  would  spread  out  In  a  hemispherical  pat¬ 
tern  with  no  directivity.  It  would  be  considered  a  point  source.  When  energy 
enters  an  Interface  at  angles  other  than  normal,  mode  conversion  takes  place 
and  other  waves  are  produced  (such  as  shear  waves  and  Rayleigh  waves).  These 
combine  with  the  longitudinal  wave  to  create  unwanted  resonances,  which 
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probably  produce  the  broad  band  of  energy  displayed.  However «  the  desired 
longitudinal  resonance  seems  to  dominate.  , 

111.  Since  significant  noise  Is  centered  around  the  resonance,  the  mea¬ 
surement  could  be  difficult  In  another  situation.  The  back  wall  echo  would 
have  to  be  Improved  considerably  before  flaw  detection  measurements  could  be 
made  with  confidence.  Signal  processing  might  Improve  the  thickness  measure¬ 
ments,  and  It  Is  possible  that  a  large  concentration  of  small  peaks  might 
Indicate  the  scatter  that  could  be  produced  by  deteriorated  concrete.  Also  a 
more  sensitive  broadband  pickup  should  be  used  to  Improve  the  signal  to  noise 
ratio.  Although  this  test  demonstrates  that  thickness  measurements  can  be 
made  in  the  sonic  range  It  will  require  an  ultrasonic  measurement  to  obtain 
sufficient  resolution  for  thicknesses  of  1  ft  or  less. 

112.  This  concluded  the  work  with  mechanical  excitation  (Impacts). 
Attention  was  then  turned  to  electrical  excitation  of  piezoelectric  crystals. 

Restoration  and  modlfl- 
catlon  of  OSU  transducer 

113.  WES  recently  received  a  transducer  from  the  Pennsylvania  State 
Highway  Department  that  was  In  need  of  repair.  This  was  one  of  the  experi¬ 
mental  transmitters  built  by  OSU.  The  transducer  housing  is  18  In.  In  diameter 
with  a  S-ln.-dlam  hole  in  the  center  to  accommodate  a  receiver.  Two  lithium 
sulfate  receivers  were  also  obtained,  but  the  wear-plate  surfaces  were  cracked 
and  worn  and  as  lithium  sulfate  Is  hydroscopic,  the  crystals  had  been  damaged 
by  moisture.  The  receivers  were  abandoned  as  they  could  not  be  repaired. 

114.  Contamination  and  loose  connections  In  the  ground  circuit  were 
causing  arcing  Inside  the  transmitter  and  a  signal  that  jittered  about  on  the 
oscilloscope.  Also,  the  200-kHz  resonance  that  the  transducer  was  designed  to 
produce  was  absent  on  the  scope  trace;  however,  a  strong  40-kHz  resonance  was 
present.  The  transducer  was  dissembled,  and  the  electrical  connections  and 
the  method  of  ultrasonic  coupling  were  modified.  The  aluminum  foil  that  was 
In  contact  with  the  14-FZT  (C5400)  elements  was  replaced  with  a  copper  foil 
and  was  bonded  to  the  crystals  with  Loctite  326  to  Improve  the  ultrasonic 
coupling.  Previously,  stopcock  grease  had  been  used  by  OSU  to  couple  the  foil 
to  the  crystals.  The  grease  tended  to  pick  up  dust  and  contamination  and 
Increased  the  likelihood  of  arc-over.  Loctite  326  produces  a  very  thin  adhe¬ 
sive  layer  and  does  not  electrically  Insulate  the  foil  from  the  PZT  electrode. 
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115.  After  restoration  of  the  transducer,  a  18C-kHz  resonance  was 
present  but  obscured  by  the  40-kHz  resonance  previously  mentioned.  The  set-up 
for  the  measurement  of  the  thlckner:?  of  a  9.25-ln.  slab  Is  shown  In  Figure  32. 
The  transmitter  was  excited  by  a  gated  sine  wave  pulse,  as  shown  In  Figure  33. 

116.  An  electronic  pulse  generator  was  used  to  produce  a  rectangular 
pulse  shown  In  the  bottom  of  the  trace.  The  width  of  this  pulse  determined 
the  nu]id)er  of  sine  wave  pulses  emitted  by  the  sine  wave  generator.  This  gated 
sine  wave  pulse  was  then  amplified  by  a  power  amplifier  used  to  drive  the 
transmitter.  A  dashed  PZT-7A  broadband  receiver  was  used  to  receive  the  echo 
(see  paragraph  134).  The  measurement  Is  shown  In  Figure  34.  Here,  the  40-kHz 
resonance  Is  strong  and  appears  to  arrive  at  roughly  the  expected  time  of 

122  lisec.  The  horizontal  time  base  Is  50  ysec/cm.  The  pulse-echo  time  In  the 
slab  Is  102  psec  with  20  psec  of  system  zero  time  making  the  total  of  122  sec. 
However,  a  measurement  made  on  a  2-ft-thlck  slab  revealed  that  the  received 
signal  also  arrived  at  about  the  same  time  as  that  shown  above. 

117.  By  using  a  filter  In  the  high  pass  mode  with  cutoff  at  100  kHz,  the 
following  signal  was  obtained  (Figure  35).  Resonance  was  approximately 

180  kHz.  The  arrival  time  of  120  psec,  or  so.  Is  correct,  but  the  onset  of 
the  received  signal  Is  much  weaker  than  a  few  cycles  later.  The  horizontal 
time  base  Is  50  p sec /cm. 

118.  This  small  onset  Is  due  to  the  time  required  for  a  resonant  circuit 
to  reach  full  amplitude  when  the  electrical  Q  Is  high.  A  highly  resonant 
system  (High  Q)  can  only  absorb  energy  slowly  and  conversely;  a  highly  resonant 
system  will  ring  for  a  longer  time  when  the  excitation  Is  removed  (Stein  1964). 

119.  The  following  statement  from  Acoustical  Society  of  America  (1959) 

further  explains  the  action  of  the  high  Q  OSU  transducer. 

The  term  Q  Is  also  significant  In  describing  the  tran¬ 
sient  behavior  of  a  singly  resonant  system  which  Is  less 
than  critically  damped  (Q  >  0.5),  either  mechanical  or 
electrical,  if  the  frequency  of  the  force  or  voltage 
coincides  with  the  natural  frequency  of  the  system,  (f  > 

1/T  ) ,  It  takes  Q  cycles,  or  a  total  time  QT  ,  for  ihe 
velocity  or  current  to  build  up  to  96  percent  o$  Its  final 
(steady-state)  value.  Similarly,  If  the  force  or  voltage 
Is  cut  off,  it  takes  Q  cycles  for  the  velocity  or  cur¬ 
rent  to  decay  to  4  percent  of  Its  value  at  the  time  of 
the  cut-off.  Thus,  Q  is  a  measure  of  the  duration  of 
the  transient  and  Is  used  In  specifying  the  build-up  or 
decay  time  of  the  system  under  pulsed  excitation 
conditions. 
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Figure  33.  200-kH2 

gated  sine  wave  from 
oscillator  (width 
controlled  by  rec¬ 
tangular  pulse  from 
pulse  generator, 

10  lisec/cm) 


Figure  34 .  OSU 
transmitter  excited 
by  40-kHz  gated  sine 
wave  pulse  and  re¬ 
ceived  by  broadband 
PZT-7A  transducer 
(50  psec/cm) 
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Figure  35.  OSU  transmitter  excited  by  18C~ 
kHz  gated  sine  wave  pulse  with  filtering  and 
received  by  PZT-7A  transducer  (50  psec/cm) 

It  appears  from  Figure  35  that  about  17  cycles  were  required  for  the  received 

signal  to  peak.  So  a  time  of  (17)  Tqa ) ,  or  95  psec,  where  f  ■  ^  was 

loUgUUU  o  o 

required  to  reach  full  aiiq>lltude.  It  also  means  that  the  transducer  has  a  Q 
of  about  17. 

120.  Shock  excitation  is  necessary  to  get  a  sharp  onset  for  the  received 
signal.  In  other  words,  it  is  better  to  use  an  untuned  pulser  to  excite  the 
transmitter  than  a  tuned  pulser  (see  paragraph  71). 

121.  Considering  this,  measurements  were  then  made  with  a  pulser  of  the 
shock  variety.  A  sharp  capacitor  discharge  voltage  of  negative  600  V  is 
applied  to  the  transducer  In  about  1  psec  which  then  decays  In  an  exponential 
pattern.  Figure  36  shows  the  pulse'-echo  signal  as  received  on  the  9-ln. -thick 
slab. 

122.  The  onset  of  the  received  pulse  is  sharper,  but  the  surface  wave 
energy  Is  also  larger  with  the  untuned  pulser.  Because  a  shock  pulse  consists 
of  a  band  of  excitation  frequencies  (many  of  them  lower  than  the  frequency  of 
the  wanted  resonance) ,  other  modes  of  vibration  in  the  lateral  direction  are 
excited.  As  already  mentioned,  lower  frequencies  produce  energy  with  a  larger 
angle  of  divergence  which  automatically  (by  the  principle  of  diffraction)  gen¬ 
erates  surface  waves.  The  S/N  ratio  is  about  4.  Figure  37  shows  a  bandwidth 
measurement  for  one  piezoelectric  element  of  the  large  diameter  OSU  transducer. 


58 


Figure  36.  Received  signal  when  OSU  trans¬ 
ducer  Is  excited  with  a  sharp  capacitor  dls 
charge  pulse  (50  ysec/cm) 


Figure  37.  Bandwidth  measurement  of  one  PZT 
undamped  wedge  element  from  OSU  transducer 

(1  mRz) 

123.  The  resonance  near  200  kHz  Is  clear,  with  numerous  spurious  reso 
nances  above  and  below  200  kHz.  The  frequency  axis  Is  100  kHz /cm  and  goes 
from  0  to  1  mHz.  The  following  bandwidth  curve  (Figure  38)  Is  10  kHz/cm  and 
goes  from  0  to  100  kHz.  Each  PZT  wedge  Is  shaped  like  the  following  diagram 
(Figure  39).  Fifteen  wedges  placed  adjacent  to  each  other  will  form  a  dough 
nut  with  an  outside  diameter  of  16  In.  and  an  Inside  diameter  of  6  In.  The 
transducer,  however.  Is  composed  of  14  elements  arranged  In  a  ring  each 


Figure  38.  Bandwidth  measurenent  expanded 
over  0-  to  100-kHz  range.  Mode  conversion  Is 
very  pronounced.  Deaonatrates  need  of  a  fil¬ 
ter  to  eliminate  extraneous  resonances 


separated  by  about  1/4  In.  along  the  outside  circumference.  The  housing  Is 
18  In.  In  diameter  with  a  5  In.  hole  In  the  center. 

124.  The  capacitance  of  the  mosaic  after  reassembly  was  0.1065  fif  with 
a  dissipation  factor  of  0.0005.  This  agreed  with  the  calculated  capacitance 
of  the  mosaic  (0.126  pf)  quite  closely.  This  was  down  about  10  percent  from 
the  capacitance  at  construction,  but  the  PZT  elements  (Channel  5400)  were 
14  years  old.  A  representative  of  Channel  Industries  said  this  aging  was 
typical.  Measurement  of  the  capacitance  with  an  Impedance  bridge  Is  a  good 
way  to  test  the  quality  of  the  piezoelectric  element,  and  the  dissipation 
factor  will  test  for  leakage  paths  or  power  loss  In  the  ceramic. 
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125.  The  length  of  the  near  field  for  an  IS-ln.-^lam  transducer  with  a 
frequency  of  180  kHz  In  ISiOOO-ft/aec  concrete  Is  6.7  ft  (see  Equation  1). 

Mailer  (1972)  states  that  he  measured  the  length  of  the  near  field  to  be 
1-2/3  ft  (20  in.).  This  is  the  correct  length  if  the  transducer  was  operating 
at  approximately  40  kHz.  By  using  a  high  pass  filter,  this  would  have  elimi¬ 
nated  this  low  frequency  energy.  The  problem  could  be  a  spring-mass  resonance 
in  the  transducer  housing  or  could  be  the  lateral  oscillations  in  the  PZT 
crystals  generating  the  low  frequency  large  amplitude  noise.  A  diameter  of 

8  in.  would  produce  a  near  field  at  16  in.  for  a  transducer  of  180  kHz  in 
15,000-ft/sec  concrete.  This  should  be  ideal  for  measuring  the  thickness  of  a 
9-ln.  slab  or  pavement  as  the  two-way  distance  would  be  18  in. 

126.  The  OSU  transducer  represents  the  best  in  the  pitch-catch  measure¬ 
ments  made  in  concrete.  Probably,  the  high  input  energy  of  the  OSU  transducer 
overcomes  many  of  the  hindrances  to  pulse-echo  measurements  in  concrete. 
Certainly  credit  should  be  given  to  the  engineering  team  that  persevered  for  a 
number  of  years  to  understand  and  record  many  of  the  concepts  that  Influence 
pulse-echo  measurements  in  concrete.  Now  that  backwall  echoes  can  be  seen  in 
concrete,  it  should  be  possible  to  Improve  the  S/N  ratio  of  the  echo  signal  to 
detect  reflections  of  much  smaller  energy  from  flaws  and  defects. 

Ultrasonic  pulse- 
echo  prototype  system 

127.  Another  transducer  that  Incorporated  most  of  the  Important  princi¬ 
ples  in  flaw  detection  was  designed  and  constructed  here  at  WES.  Eight  PZT-5H 
plates  were  bonded  to  a  1/4-ln.  thick-aluminum  faceplate,  as  shown  in 

Figure  40. 

128.  As  shown  in  Table  2,  PZT-5H  has  the  best  transmitting  constant 
(d^^)  and  has  the  lowest  mechanical  Q  for  any  of  the  PZT  types.  Both  of 
these  characteristics  are  highly  desirable  for  an  active  transmitter  with  a 
minimum  of  ringing.  The  plates  were  1-1/2  by  1  by  1/4  in.  The  total  dimension 
of  the  mosaic  was  3  by  4  in.  It  was  hoped  that  the  larger  area  of  the  trans¬ 
ducer  would  collimate  the  beam  enough  to  provide  a  strong  echo  with  a  minimum  of 
surface  waves.  The  acoustic  impedance  of  aluminum  is  a  good  match  between  PZT 
and  concrete,  as  already  explained  in  paragraph  67.  The  top  electrodes  were 
connected  by  soldering  a  lead  wire  to  each  plate .  The  plates  are  coated  at 

the  factory  by  an  evaporation  process  that  deposits  a  thin  layer  of  nickel  on 
the  plate  elements.  The  bottom  electrodes  become  part  of  the  case  ground  for 
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Figure  40.  3-  by  4-ln.  PZT-5H  mosaic  transducer 

Che  aluminum  housing.  The  plates  were  bonded  to  the  aluminum  with 
Loctlte  326.  The  plates  were  then  thinly  coated  with  epoxy  to  provide  elec¬ 
trical  Insulation  for  the  backing.  Tungsten  mixed  with  epoxy  was  then  placed 
over  Che  mosaic  to  further  damp  the  amplitude  at  resonance  of  the  crystal. 

Hylar  was  used  around  the  sides  of  the  housing  as  an  Insulator  to  prevent 
electrical  conduction  between  Che  backing  and  the  aluminum  ground. 

129.  The  bandwidth  of  a  single  undamped  element  Is  shown  In  Figure  41. 
Mode  conversion  Is  significant  and  produces  many  unwanted  modes.  Although 
these  elements  are  supposed  to  be  Che  most  active  In  the  thickness  mode,  a 
much  higher  amplitude  resonance  Is  displayed  In  the  1-ln.  direction,  or 
transverse  direction.  According  to  Vernltron,  the  frequency  constant  In  the 
thickness  direction  Is  78  kHz  x  In.  This  means  that  the  resonant  frequency 
for  the  1/4-ln.  direction  Is  as  follows: 

f  X  th  ■  78  kHz  X  In. 

-  78  kHz  X  In.  , 

^  0.25  In. 

f  -  312  kHz 

This  agrees  with  the  315-kHz  resonance  measured.  In  the  transverse  directions 
the  frequency  constant  Is  56  kHz  x  In.  For  the  1-ln.  direction  this  calculated 
to  be  56  kHz  x  In.  It  measured  about  60  kHz.  This  was  the  largest  amplitude 
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Figure  41.  Bandwidth  of  an  undanpcd  PZT-5H 
piezoelectric  plate  eleaent  (0  to  500  kHz) 


resonance  shown.  In  the  1.5~in.  direction  the  calculated  frequency  was 
37  kHz.  It  neasured  about  32  kHz. 

130.  When  the  eight  elements  were  installed  in  the  aluminum  housing 
before  the  tungsten*>loaded  epoxy  was  installed,  the  undamped  bandwidth  still 
looked  like  that  in  Figure  41.  After  the  mosaic  was  damped  with  the  loaded 
epoxy,  the  312  kHz  resonance  was  alisost  gone  but  a  resonance  with  low  ampll- 
tude  occurred  at  100  kHz  (Figure  42) .  It  isay  be  that  the  tungsten  in  the 
backing  could  have  been  reduced  without  creating  excessive  ringing.  About  a 
1-ln.  depth  of  loaded  epoxy  was  placed  over  the  mosaic.  As  the  backing  mate¬ 
rial  also  covered  the  edge  of  the  plates,  this  may  have  been  significant  in 
reducing  the  transverse  modes  of  oscillation. 

131.  The  length  of  the  near  field,  N  ,  Is  calculated  as  follows: 


N  - 


(1  bis) 


N  (4  ln./12)^  -  (0.15114  ft)^ 
4(0.15114)  ft 


N  -  0.146  ft  -  1.75  in. 


(19) 


where 


A  - 


V 

f 
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Figure  42.  Bandwidth  aeasureaent  of  PZT-5H 
■osalc  transducer  damped  with  backing  of 
tungsten-loaded  epoxy  (0  to  200  kHs) 


X 

X 


15,114 
100,000 
1.81  In. 


0.151  ft 


The  half  angle  of  divergence  In  the  far  field  would  calculate  as  follows: 


sin  a  -  4  -  0.4525  (20) 

D  4  In. 

(see  paragraph  53} 


o  -  26.9* 


132.  The  area  covered  on  the  back  surface  of  a  9.25-ln.  thick  slab, 
neasurlng  by  the  through  transmission  technique,  would  be  as  shown  In 
Figure  43. 

133.  Although,  Ideally,  one  would  need  to  make  neasurements  In  a  water 
tank  with  a  tiny  receiver  to  siap  the  correct  sound  field  at  a  constant  dis¬ 
tance  from  the  transmitter.  It  was  noticed  (by  moving  the  receiver  aroimd'  on 
the  flat  surface)  that  the  receiver  detected  a  strong  signal  over  roughly  the 
same  range  as  that  calculated.  Obviously,  in  the  3-ln.  direction  of  the  trans¬ 
ducer,  the  divergence  would  be  greater  than  the  4-ln.  direction  and  a  larger 
dimension  would  be  Illuminated  In  that  direction.  The  near  field  would  be 
shorter  as  calculated  by  Equation  1. 
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Figure  43.  Area  Illuminated  at  bottom  surface  of 

concrete 

134.  The  receiver  used  was  a  PZT-7A  transducer  built  by  a  transducer 
manufacturing  company.  A  broadband  transducer  was  requested  with  a  Q  of 
0.5.  A  bandwidth  measurement  revealed  that  the  admittance  was  fairly  flat 
over  the  range  from  0  to  1  mHz.  Four  1-in. -square  piezoelectric  elements  of 
9/16-ln.  thickness  were  stacked  together  for  a  total  of  2-1/4-in.  height.  A 
cone-shaped  backing  of  tungsten-loaded  epoxy  to  damp  the  crystal  and  electri¬ 
cal  filtering  was  used  to  produce  a  uniform  bandwidth.  Full  details  of  the 
transducer  are  not  known  as  it  is  proprietary  information.  The  transmitter 
was  excited  by  a  1400-V  capacitor  discharge  pulser  with  a  repetition  rate  of 
100  pulses  per  second  (pps) .  The  presence  of  surface  wave  energy  was  too  high 
to  discern  the  pulse  reflected  from  the  base  of  the  9-1/4-ln.  slab.  Later* 
calculations  were  performed  to  determine  the  angle  required  for  some  plexlglas 
wedges  in  order  to  direct  the  center  of  the  beam  toward  the  receiver.  With 
the  transmitter  and  receiver  separated  by  about  5  In.,  the  wedge  angle  calcu¬ 
lated  was  8.56*.  Figure  44  shows  the  measurement  configuration.  Figure  45 
shows  the  pulse-echo  measurement.  The  system  zero  time  plus  the  time  through 
the  wedges  Is  15  psec.  The  arrival  time  of  the  reflected  wave  Is  about 
120  ysec,  leaving  105  y'ec  for  the  travel  time  through  the  slab.  The  one-way 
transmission  time  through  the  slab  measured  by  other  methods  Is  about  51  ysec 
for  a  total  of  102  ysec  In  the  pulse-echo  mode.  Since  the  beam  travels  a 
longer  path  rather  than  straight  down  the  back,  this  accounts  for  the  other 
3  ysec  as  shown  in  the  following  calculation  and  Figure  46. 

(Z/2)^  =  (2.25)^  +  (9.25)^  (21) 

Z  =  19.04  in. 
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Figure  44.  Pulse-echo  measurement  showing  PZT-5H  trans¬ 
mitter,  2.25-mHz  lithium  sulfate  receiver,  concrete 
slab,  and  Plexiglas  wedges  In  foreground,  OSU  trans¬ 
mitter,  and  PZT-7A  receiver  in  background 

Since  transmission  time  Is  directly  related  to  path  length  of  travel  when  the 
velocity  Is  constant,  a  2.92  percent  Increase  In  distance  means  a  2.92  percent 
increase  In  time,  which  Is  about  3  psec  for  a  slab  with  a  round-trip  time  of 
100  psec,  as  this  one  Is.  The  S/N  ratio  Is  about  2. 

135.  An  undamped,  lithium  sulfate  transducer  was  requested  from  another 
transducer  manufacturer  In  an  effort  to  improve  the  sensitivity  of  the  received 
signal.  Although  the  transducer  was  a  resonant  transducer  at  2.25  mHz,  It  was 
still  operated  as  a  broadband  receiver  down  at  100  kHz.  Since  It  Is  difficult 
to  damp  low-frequency  transducers,  it  was  thought  that  the  high  receiving 
sensitivity  of  undamped  lithium  sulfate  might  exceed  that  of  damped  PZT. 
Although  the  sensitivity  was  about  the  same  as  the  PZT-7A  at  the  frequency  of 
100  kHz,  the  lithium  sulfate  receiver  did  not  respond  to  surface  waves  as  much 
as  the  PZT.  As  a  result,  the  wedges  could  be  eliminated,  if  desired.  The 
measurement  Is  shown  in  Figure  47. 

136.  The  zero  time  was  reduced  to  2  psec  without  the  wedges,  and  of 
course  the  path  length  is  now  almost  normal  to  the  surface — reducing  the 
arrival  time.  The  arrival  time  is  about  104  pcec  making  the  time  through  the 
concrete  to  be  102  psec.  The  S/N  ratio  is  about  3.5,  with  the  noise  consist¬ 
ing  of  mainly  surface  wave  energy  or  scattering.  As  shown  in  Table  1,  inter¬ 
fering  oscillations  (coupling  coefficient)  in  the  transverse  direction  are 
much  more  pronounced  with  PZT  and  barium  titanate  than  with  lead  metaniobate 
or  lithium  sulfate.  This  is  apparently  why  the  lithium  sulfate  receiver  would 
work  without  the  wedges  while  the  PZT  receiver  would  not.  Therefore,  a 
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Figure  45.  Ultrasonic  pulse-echo  measurement 
through  9-1 /4-ln. -concrete  slab  with  PZT-5H  as 
transmitter  and  broadband  PZT-7A  transducer  as 
receiver,  S/N  =  2  (0  -  500  ysec) 


Figure  46.  Percent  Increase  In  path 
length  «  '"  "2(9  25)*^^^  “2.92  percent 

decision  was  made  to  build  a  transmitter  with  lead  metanlobate  and  to  risk 
sacrificing  some  output  energy  In  an  effort  to  reduce  Interfering  transverse 
oscillations. 


137.  Meanwhile,  a  second  lithium  sulfate  receiver  constructed  by  the 
same  transducer  manufacturer  was  received  by  WES.  The  fragile  nature  of 
lithium  sulfate  to  moisture  required  that  someone  skilled  In  the  art  build  the 
transducer.  A  receiver  resonant  at  200  kHz  and  damped  to  a  Q  of  3-5  should 


be  more  sensitive  at  200  kHz  than  the  undamped  2-1/4-mHz  resonant  lithium 


sulfate  receiver.  The  area  of  the  receiver  was  about  2.35  in.  An  S/N  ratio 


of  3.6  was  obtained  when  the  PZT-5H  transducer  was  used  as  the  transmitter  and 


the  200-kHz  lithium  sulfate  as  the  receiver.  There  was  no  significant 
Improvement  of  the  latter  receiver  over  the  former  (Figure  48) . 


Figure  47.  Ultrasonic  pulse~echo  measurement 
through  9-1/4-ln. -concrete  slab  with  PZT-5H 
transducer  used  as  transmitter,  and  resonant 
2.2S-mHz  llthixim  sulfate  transducer  used  as 
receiver,  S/N  -  3.5  (0-500  psec) 


On  SEC 


Figure  48.  Echo  signal  through  9-1/4-ln. -concrete  slab 
using  PZT-5H  transducer  as  the  transmitter  and  200  kHz 
damped  lithium  sulfate  transducer  as  the  receiver, 

S/N  -  3.6 

138.  The  next  transducer  was  constructed  of  four  piezoelectric  plates 
(2.35  by  2.35  by  .28  in.)  of  lead  metanlobate  (EDO  Western  EC-82).  The  plates 
were  connected  in  parallel  electrically  as  shown  in  Figure  49.  The  total 
dimension  were  4.7  by  4.7  in.  The  plates  were  polarized  In  the  thickness 
direction  to  generate  longitudinal  waves  like  the  previous  P7.T-5H  transducer. 
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The  undamped  frequency  was  200  kHz  with  a  frequency  constant  of  56  kHz  ^  In. 
Hie  mechanical  Q  was  11  In  air.  After  the  plates  were  bonded  with 
Loctlte  326  to  a  1/4-ln. -thick  plate  of  plexlglas,  the  resonant  frequency 
dropped  to  192  kHz.  With  a  new  Q  of  2. '6  no  external  damping  was  necessary 
on  the  back  face.  On  the  same  9-1 /A-ln. -thick  control  slab,  the  thickness 
measurement  had  a  S/N  ratio  of  18  (Figure  50) ,  when  the  lead  metanlobate  was 
used  as  the  transmitter  and  the  PZT-5H  with  the  aluminum  housing  was  used  as 
the  receiver  In  a  pitch-catch  configuration. 

139.  The  PZT-5H  receiver  was  terminated  with  4  ft  of  50-fi  coaxial  cable 


Figure  49.  Lead  metanlobate  transmitter,  PZT-3H 
receiver,  pulser /receiver,  and  oscilloscope  used 
to  make  ultrasonic  pulse-echo  measurement  on 

concrete 

with  a  470  uh  Inductor  shunted  across  the  cable  end  of  the  1  MO  Input  Imped¬ 
ance  of  the  oscilloscope  to  tune  out  the  static  capacitive  reactance  of  the 
PZT-5H  transducer  and  cable.  (The  Inductor  could  also  be  tied  In  parallel 
across  the  cable  at  the  transducer  end.)  The  inductor  Improved  the  S/N  ratio 
by  50  percent  and  Increased  *:he  level  of  the  signal  (see  paragraph  74).  Also, 
a  series  Inductor  was  added  to  the  transmitter  which  Increased  the  output  but 
ot  Improve  the  S/N  ratio.  The  lead  metanlobate  was  shock  excited  with  a 
capacitor  discharge  pulse  of  -1390  V.  It  had  a  rise  time  of  150  ysec.  The 
width  of  the  pulse  was  250  ysec  at  -768  V,  1  psec  at  -492  V,  and  2  usee  at 
-288  V  as  the  pulse  decayed.  It  was  repeated  at  a  rate  of  approximately 
100  pulses/sec. 
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Figure  50.  Echo  signal  through  9-1 /4-ln. -thick 
concrete  slab  using  lead  metanlobate  transmitter 
and  PZT-5H  receiver  In  a  pitch-catch  configura¬ 
tion,  S/N  ••  18 

lAO.  Although  all  the  tests  In  this  report  (where  the  system  was  excited 
by  a  shock  pulser)  were  done  with  a  large,  bulky,  high  voltage,  tube-type, 
laboratory-built,  capacitor  discharge  pulser  (untuned  pulser).  It  was  decided 
that  a  smaller  transistorized  commercially  available  pulser  would  be  more 
appropriate  for  field  measurements  and  for  technology  transfer.  Therefore, 
recent  tests  made  with  a  Panametrlcs  Model  5055  pulser/recelver  (Figure  49) 
demonstrated  that  the  system  worked  well  for  thickness  measurements  made  on 
the  same  concrete  slab  mentioned  In  this  report.  Although  this  system  onJy 
has  an  output  of  -350  V,  It  should  suffice  for  shorter  penetration  distances. 
The  calculated  half  angle  spread  for  the  transmitter  Is  11 -1/2°  and  the  near 
field  length  Is  6  In.  The  noise  In  front  of  the  back  surface  echo  Is  not 
electrical  as  a  through  transmission  measurement  on  the  control  slab  verified 
that  the  S/N  ratio  was  300.  A  sawcut  was  made  to  test  for  surface  waves 
between  the  transducers.  The  cut  was  made  1-3/4-ln.  deep  (more  than  one 
Rayleigh  wavelength)  and  24  In.  long.  The  cut  failed  to  change  the  signal  to 
any  appreciable  degree.  Therefore,  the  noise  Is  likely  due  to  scattering  as 
the  wavelength  (0.9  in.)  of  the  ultrasonic  pulse  Is  comparable  to  the 
aggregate  dimensions  (3/4  In. -limestone) . 

141.  It  would  seem  that  it  might  be  possible  to  detect  the  presence  of 
deteriorated  concrete  based  on  the  degree  of  scattering.  Microcracks  and 
fractures  should  return  a  larger  amplitude  of  "grass,"  although  there  has  not 
been  an  opportunity  to  test  this  idea  (see  paragraph  44). 
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142..  Many  factors  combine  to  make  pulse-echo  or  pitch-catch  measure¬ 
ments  In  concrete  difficult.  Obviously »  before  a  system  can  detect  flaws  In 
thin  sections.  It  first  must  be  capable  of  measuring  thicknesses.  Back  wall 
reflections  contain  much  higher  energy  levels  than  those  from  cracks  or  flaws. 
Presently  with  a  S/N  ratio  of  about  18,  the  direction  of  our  future  effort 
should  be  at  this  stage  to  Improve  thickness  measurements.  But  the  basic 
design  Is  now  operative  and  the  predominant  problem  hindering  Improvement  In 
the  S/N  ratio  now  becomes  easier  to  test.  Every  physical  problem  to  be  solved 
usually  turns  on  a  few  crl\:lcal  principles,  and  It  will  be  this  way  with 
ultrasonic  pulse  echo  In  concrete. 

143.  We  know  that  200  kHz  Is  about  the  upper  limit  for  making  measure¬ 
ments  In  concrete.  The  grain  size  at  that  frequency  Is  ibout  the  same  dimen¬ 
sion  as  the  wavelength  and  the  ensuing  scattering  becomes  a  problem  for  It  at 
higher  frequencies.  Also,  the  high  attenuation  of  concrete  requires  a  higher 
wattage  power  supply  for  the  transmitter  pulses  than  Is  normally  required  In 
commercial  metal  pulse-echo  units.  Also,  It  Is  Important  that  the  diameter  of 
the  transducer  be  large  enough  to  get  directivity  of  the  sound  beam  approach¬ 
ing  that  of  commercial  units  used  In  metal  flaw  detection.  Surface  roughness 
of  concrete  Is  a  problem  but  can  be  dealt  with  satisfactorily  by  using  a  good 
liquid  couplant  (castor  oil,  water,  gylcerlne)  and  maintaining  a  wavelength 
that  Is  at  least  10  times  more  than  the  peak-to-valley  distance  on  the  concrete 
surface.  Ringing  of  the  transmitter  has  been  a  real  problem  but  can  be  reduced 
significantly  by  damping  with  tungsten-loaded  epoxy  and/or  using  a  plezoceramlc 
with  a  low  mechanical  Q  .  Also,  the  transmitter  and  receiver  should  be  kept 
as  separate  units  (pitch-catch  mode) .  Since  the  two-transducer  system  works 
best,  then  angle  probes  may  be  an  Improvement  over  normal  probes  to  get  a 
directed  beam.  Also,  both  transducers  can  be  tuned  separately  with  electrical 
matching.  Other  Important  principles  are  that  the  transmitter  should  have  a 
large  constant  and  the  receiver  a  larger  g^^  constant.  PZT  for  the 

transmitter  and  lithium  sulfate  for  the  receiver  produce  the  largest  loop  gain 
although  other  piezoelectric  properties  may  be  more  Important  factors. 

Finally,  In  the  situation  with  the  OSU  transmitter.  It  has  been  necessary  to 
use  a  high  pass  filter  to  reduce  the  effects  of  a  low-frequency  resonance  due 
to  the  housing  or  due  to  the  lateral  oscillation  of  the  PZT  elements,  or  both. 
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1A4.  The  outatandlng  problem  that  atill  exists  Is  the  presence  of  sur¬ 
face  waves.  When  the  frequency  is  lowered  below  200  kHz  to  reduce  scattering* 
then  surface  waves  appear.  Th^  following  Ideas  are  presented  to  show  ways  to 
Increase  the  S/N  ratio  of  a  system.  It  Is  now  known  that  the  lateral  ringing 
In  PZT  ceramics  may  be  one  of  the  main  sources  of  unwanted  surface  wave  energy 
for  pulse-echo  measurements  In  concrete.  The  electromechanical  coefficient 
k^^  for  PZT-5h  Is  0.75  In  the  thickness  direction*  and  the  planar  coupling 
coefficient  (k^)  Is  0.65  In  the  transverse  direction.  The  Interfering  trans¬ 
verse  oscillations  are  87  percent  of  the  desired  longitudinal  oscillation. 
However*  lead  metanlobate  has  a  k..  of  0.38  and  a  k  of  0.066.  The 
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unwanted  oscillations  are  only  17  percent  of  the  wanted  energy.  This  could 
make  a  slgnlflca.tt  difference  In  pulse-echo  measurements  even  though  d^^ 
(transmitter  constant)  Is  only  about  14  percent  of  that  for  PZT.  Less  mechan¬ 
ical  damping  will  be  required  for  lead  metanlobate*  however*  as  the  Q  Is 
only  about  18  percent  of  that  for  PZT.  Also,  the  acoustic  Impedance  of  lead 
metanlobate  Is  closer  to  that  of  the  concrete — resulting  In  less  energy  loss 
at  Interfaces.  Lead  metanlobate  has  a  lover  dielectric  constant  and  will 
require  a  larger  pulser  voltage  than  PZT  to  obtain  an  equivalent  output*  but 
this  Is  not  a  serious  problem. 

145.  Another  way  to  reduce  the  lateral  ringing  In  the  crystals  Is  to 
use  damping  material  around  the  edges  of  the  ceramic  (Krautkramer  and 
Krautkramer  1977).  Harlsonlcs  In  Stamford*  Connecticut*  has  drilled  a  hole  In 
the  middle  of  PZT  discs  and  has  provided  plates  to  break  up  the  Interfering 
oscillations.  Then*  tungsten-loaded  epoxy  Is  placed  In  the  hole.  This  only 
helps  and  Is  not  totally  effective. 

146.  Kossoff  bonded  a  small  rubber  cube  to  the  back  face  of  a  plezo- 
ceramlc  crystal  which  was  then  covered  with  backing  material.  The  area  under¬ 
neath  the  cube  was  not  plated  with  electrode  material.  This  cube  broke  up  the 
radial  symmetry  of  the  element  and  Increased  the  dynamic  range  of  the  trans¬ 
ducer  6  dB  (factor  of  2)  (Kossoff,  Robinson,  and  Garrett  1965).  The  dynamic 
range  is  the  ratio  of  the  main  pulse  to  the  Interfering  oscillations  that 
"tails"  behind  the  main  pulse. 

147.  Bradfleld  suggests  sectlonallzatlon  of  the  transducer  elements  to 
reduce  lateral  ringing  (Bradfleld  and  Gatfleld  1964).  The  authors  assume  he 
means  to  slice  the  ceramic  elements  In  such  a  way  as  to  break  up  the  symmetry 
of  the  crystals.  Also,  "...square  transducer  plates,  or  transducers  subdivided 
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Into  squares,  do  not  rsdiste  uniformly  in  all  directions,  but  in  the  shape  of 
a  four-lobed  direction  pattern.  By  rotating  this  probe  around  the  contact 
point  interfacing,  echoes  can  be  distinguished  from  true  echoes”  (Krautkramer 
and  Krautkramer  1977).  Transducers  with  metal  casings  should  have  the  ceramic 
elements  Isolated  from  the  metal  as  the  SMtsl  has  a  higher  Q  and  will  tend 
to  ring  unless  isolated  with  an  acoustic  damping  material.  Materials  such  as 
Corprene,  cork,  rubber,  nabar,  and  nylon  can  be  used.  Also,  the  profile  of 
the  metal  casing  can  be  broken  up  to  reduce  ringing  (Wells  1977) .  Plexiglas 
housings  can  reduce  this  problem  also. 

148.  Claytor  used  a  unique  idea  to  reduce  surface  wave  Interference.  A 
surface  wave  will  not  radiate  into  a  liquid  if  the  longitudinal  wave  velocity 
in  the  ll<;uld  is  greater  than  the  Rayleigh  wave  velocity  in  the  concrete.  He 
used  a  liquid  buffer  of  glycerin  between  the  PZT-5A  element  and  refractory 
concrete  in  both  the  transmitter  and  receiver.  Although  glycerin  has  a  longi¬ 
tudinal  velocity  of  6,200  ft/sec  and  is  less  than  Rayleigh  wave  velocity  of 
concrete  of  about  7,800  ft/sec,  still  the  angle  of  radiation  into  the  liquid 
is  more  indirect  and,  therefore,  the  crystals  are  not  excited  as  strongly  from 
the  Rayleigh  wave  Interference.  He  obtained  an  S/N  ratio  of  8,  the  noise 
being  primarily  the  surface  wave  energy  (Claytor  and  Elllngson  1983).  The  S/N 
ratio  may  be  better  than  what  could  be  obtained  in  concrete  as  refractory 
concrete  has  less  scattering  due  to  smaller  grain  size.  The  frequency  of 
operation  was  250  kHz. 

149.  Transmitters  that  are  pulsed  with  sharp  high  voltage  pulses  tend 
to  excite  all  modes  of  oscillation  in  the  crystal.  This  is  because  a  short 
pulse  contains  energy  over  a  wider  range  of  frequencies  unlike  the  energy  from 
a  gated  sine  wave.  By  incorporating  a  matching  transformer  that  is  tuned  to 
the  frequency  of  thickness  expansion  in  the  crystal,  this  may  Improve  the 
amplitude  of  resonance  as  well  as  serve  as  a  band  pass  filter  to  reject  energy 
that  excites  the  lower  lateral  frequency  modes  in  the  crystal  element.  In 
some  cases,  a  plaster  of  cement  paste  can  be  placed  over  a  concrete  surface 
that  is  very  rough.  A  piece  of  glass  can  be  used  during  curing  to  maintain  a 
flat  surface.  This  will  reduce  surface  wave  interference  (Bradfield  and 
Woodroffe  1953).  For  transducers  that  have  a  spring-mass  resonance,  a  filter 
can  be  used  to  reduce  some  surface  wave  Interference.  Ideally,  the  housing 
should  be  damped  to  dissipate  the  energy  of  resonance,  but  it  is  difficult  to 
damp  well  at  low  frequencies.  Most  all  materials  Increase  in  their  damping  as 
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tha  fraqucncy  goes  up.  Surface  waves  are  Bore  predoalnent  at  frequencies 
below  1  aHs  (Kreutkreaier  end  Kreutkrssier  1977) . 

150.  For  ■eesureaenta  aede  by  lapect  the  following  suggestions  are  made. 
The  problea  of  ringing  In  the  transmitter  does  not  arise  If  the  pulse  produced 
by  the  iapact  Is  a  one-shot  pulse  with  no  added  aftershocks.  The  L-6  Scheldt 
hamaer,  for  Instance,  continues  to  deliver  Impacts  at  a  rate  of  about  17 
lapacts/sec  with  decreasing  Intensity,  but  this  does  not  present  a  problea  as 
the  second  Impact  coaes  about  60  msec  after  the  first  one.  As  an  example.  It 
only  takes  100  psec  for  the  P-wave  to  make  a  round  trip  In  a  9-ln.  thick  slab. 
All  aeasureaents  would  be  over  with  before  the  second  Impact  occurred.  How¬ 
ever,  energy  Immediately  following  the  first  pulse  must  be  eliminated,  or 
reduced.  It  could  be  that  the  haaser  could  be  modified  to  prevent  ringing  In 
the  housing — should  any  be  present.  This  may  be  the  source  of  confusion  WES 
has  had  in  the  resonant  measurements.  Also,  other  waves  are  probably  created 
by  aode  conversion  which  can  complicate  the  echo  trace.  Although  more  tests 
are  needed,  it  appears  that  Impact  measurements  with  a  resonant  receiver  may 
have  potential  for  quick  and  simple  measurements.  No  hamner  will  produce  a 
pulse  as  reproducible  as  a  piezoelectric  crystal,  but  a  variation  in  amplitude 
of  output  is  not  too  Important  when  time  separation  measurements  are  the  goal. 

151.  A  number  of  suggestions  are  made  here  to  Improve  the  impact  mea¬ 
surements  with  a  resonant  receiver. 

a.  Obtain  signal-processing  equipment  that  will  allow  averaging 
of  a  few  impact  measurements  in  situations  where  the  received 
signal  is  weak. 

b.  Modify  the  Schmidt  hamner  by  reducing  the  mass  of  the  hammer 
head  and  thereby  Increase  the  energy  output  of  the  higher  fre¬ 
quencies. 

£.  Use  high-pass  filtering  with  a  sharp  cutoff  of  80  dB/octave  to 
eliminate  the  low-frequency  vibrations  that  will  certainly  be 
present  on  small  structures.  Vibration  may  not  be  a  problem 
on  massive  structures  such  as  a  dam.  Use  a  good  low  noise 
amplifier  after  the  filter  before  going  to  the  oscilloscope. 

d.  Damp  the  PZT  receiver  with  epoxy-loaded  tungsten.  Use  only 
enough  epoxy  to  permit  mixing  and  use  pressure,  if  possible, 
to  force  out  the  excessive  epoxy.  Do  not  try  to  get  a  flat 
broadband  receiver  but  only  lower  the  Q  to  1  to  3  according 
to  how  much  ringing  can  be  permitted.  The  transducer  should 
remain  a  resonant  receiver  to  maintain  sensitivity.  Have  a 
transducer  company  build  a  lithium  sulfate  receiver  if  more 
sensitivity  is  required,  or  if  it  appears  that  lateral  ringing 
is  producing  noise. 
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t.  Mak*  a  racelvar  with  a  larger  contact  area  (7  In.  or  so  for  a 
~  9-10.  slab)  to  obtain  directivity.  When  fabricating  a  rec¬ 

tangular  crystal  elenent  or  array,  the  dlaenslon  perpendicular 
to  the  sagittal  plane  (focusing  plane)  nay  be  smaller. 

f.  Use  wedges  to  eliminate  echoes  from  unwanted  directions. 

~  Otherwise,  since  the  energy  spreads  out  In  a  large  angle  of 

divergence  for  a  point  source  such  as  a  haimer,  echoes  can 
come  from  horlsontal  directions  and  be  interpreted  as  coming 
from  directly  below  the  h earner. 

152.  To  Illustrate  further  the  Idea  of  making  impact-echo  measurements 
at  ultrasonic  frequencies,  consider  using  a  Schmidt  rebound  hammer  with  a  low 
Q  (1-3)  resonant  receiver  having  a  center  frequency  near  50  to  100  kHz.  The 
energy  Introduced  Into  the  concrete  trauld  be  broadband  with  energy  from  0  to 
200  kHz.  Naturally,  the  energy  would  be  low  at  200  kHz.  If  a  1/8-in.  crack 
was  Irradiated  by  the  input  energy,  a  reflection  would  take  place  probably 
with  a  ringing  tall.  Air-gap  resonance  could  take  place  (Carlin  1960)  as  the 
energy  reverberated  across  the  gap  until  the  energy  was  dissipated.  Resonance 
takes  place  at  1/2  wavelength. 


X  -  2  1  ■  2  X  1/8  in.  ■  1/4  in, 

V  -  fX  (22) 


f  “  v/X 


1100  ft/sec 
(1/4  in.)  1  ft 
12  in. 


53  kHz 


Since  every  defect  would  produce  a  different  center  frequency  and  a  different 
decay  rate,  it  would  require  that  broadband  energy  be  Introduced  into  the  con¬ 
crete  and  received  by  a  receiver  with  a  broad  bandwidth.  Because  the  echo  pro¬ 
duced  would  be  low-level  energy,  it  would  require  signal  processing  to  build 
it  up  for  detection  as  well  as  good  signal  rejecting  techniques  to  eliminate 
low-frequency  energy  caused  by  the  Impact.  So  measurement  by  impact  may  be 
possible  if  high-frequency  energy  (>  20  kHz)  can  be  introduced  into  the 
concrete  and  the  resulting  low-level  echoes  properly  detected. 

153.  The  technique  of  sonic  Impact  measurements  using  a  broadband  trans¬ 
ducer  is  not  recommended  for  thin  sections  of  concrete  even  if  the  receiving 
transducer  is  peirect  in  sensitivity  and  reproduction.  The  rise  time  is  simply 
not  sharp  enough  with  energy  below  20  kHz.  It  could  be  that  a  shorter  pulse 
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with  sufficient  Intensity  could  be  generated  by  some  Mans  such  as  a  smII 
explosion*  or  by  laser  generation*  or  sone  ofhar  Mans  to  genarate  energy 
around  100  kHs*  or  higher.  If  that  la  posalbla*  then  Impact  Masurements  with 
a  nonresonant  transducer  might  have  potential.  Also  sonic  measurements  on 
large  structures  could  have  promise. 

154.  Also*  If  signal  processing  could  be  used  to  reject  the  sonic  energy 
and  possibly  pull  out  smII  low  level  resonances  from  the  main  energy  that  My 
reverberate  from  a  flaw  or  discontinuity*  then  a  broadband  measurement  with 
haxMr  Impact  may  be  feasible.  It  should  be  emphasised  that  the  equipment 
needed  should  be  capable  of  high-powered  signal  rejection  capabilities  for 
SOM  frequencies  and  considerable  amplification  factors  for  other  frequencies. 
It  should  be  capable  of  adding  Impact  signals  to  further  build  up  the  smII 
burled  signal.  Only  then  could  this  idea  be  tested  sufficiently. 


PART  III:  TASK  II  -  UNDERWATER  MAPPING  AND  PROFILING 


XS5.  The  objective  of  Task  II  was  to  screen  and  Investigate  systens  and 
technology  presently  available  irtilch  wight  be  applicable  to  the  sapping  and 
profiling  of  underwater  concrete  structures  (such  as  stilling  basin  slabs  and 
lock  chaaber  f loora) .  Systeas  and  technology  with  developaental  potential  for 
application  to  this  task  were  evaluated.  The  ultlaate  goal  was  to  develop  a 
field-testing  systea. 


The  Problem 


156.  The  problem  was  to  obtain  rapid,  accurate,  bottoa-contourlng  data 
on  submerged  structures  while  avoiding  the  expense  of  dewatering  and  the 
Inaccuracies  Inherent  In  dlver-obtalned  data.  A  survey  of  eroslon/abraslon 
daaage  repairs  Indicates  that  dewatering  accounts  for  over  40  percent  of  the 
total  repair  cost.  Dewatering  Is  often  necessary  since  the  extent  and  loca¬ 
tion  of  damage  must  be  known  to  determine  what  steps  should  be  taken  to  cor¬ 
rect  the  daaage  and  to  prepare  valid  cost  estimates.  Task  II  of  the  Joint 
CE-USBR  NDT  R&D  program  was  Initiated  to  produce  a  mapping  system  which  would 
provide  (without  dewatering)  an  accurate  and  comprehensive  evaluation  of  top 
surface  wear  on  horizontal  surfaces  such  as  aprons,  sills,  lock  chaaber 
floors,  and  stilling  basins,  where  turbulent  waterflow  (which  carries  rocks 
and  debi'ls)  may  have  caused  eroslon/abraslon  damage. 

Underwater  Inspection  Techniques 

157.  The  safety  of  a  structure  depends  on  the  physical  integrity  of 
both  the  superstructure  and  substructure.  The  superstructure  generally 
receives  much  more  attention  than  those  parts  of  the  substructure  located 
below  the  waterline.  It  is  essential,  from  a  safety  standpoint,  that  the 
underwater  portions  of  a  structure  be  adequately  inspected,  maintained,  and 
repaired  as  necessary  (Stowe  and  Thornton  1984). 

Divers 

158.  The  s}mtheses  by  Lamberton  et  al.  (1981)  and  Rissel  et  al.  (1982), 
and  the  work  by  Brackett,  Nordell  and  Rail  (1982)  are  excellent  references  on 
the  inspection,  maintenance,  and  repair  of  substructures  below  the  waterline. 
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Lub’^rton's  syiithcsls  Is  a  survey  of  practices  of  a  nuaber  of  state  highway 
agencies,  selected  railroads,  and  turnpike  and  bridge  authorities.  The  report 
Identifies  the  policies,  procedures,  and  techniques  currently  used  to  Inspect 
underwater  bridge  substructures. 

159.  All  of  the  techniques  presented  require  a  diver  to  locate  the  area 
of  the  defect,  sake  the  Beasureacnts,  and  either  record  the  results  or  relay 
then  to  the  surface  by  means  of  a  diver  connunlcatlons  system.  In  every  case, 
the  diver  must  be  knowledgeable  about  the  "normal"  condition  of  the  structure 
and  types  of  damage/defects  which  may  be  encountered.  Experience  requirements 
for  the  diver  may  be  reduced  In  stany  instances  by  using  an  underwater  video 
system.  This  allows  both  real  tine  observation  of  the  inspection  by  a  facil¬ 
ities  engineer  and  video  tape  documentation  of  severely  damaged  areas. 

160.  Visual  Inspection  Is  usually  the  first  test  that  is  applied  for 
underwater  evaluation.  Its  purpose  Is  to  confirm  the  as-built  condition  of 
the  structure  and  detect  severe  damage  to  the  structural  elements  (Level  I 
inspection) ,  and  to  detect  surface  daMge  (Level  II  inspection) .  In  certain 
cases,  this  can  be  done  from  above  the  water  by  using  an  underwater  scope.  At 
Chief  Joseph  Dam,  engineers  made  underwater  observations  through  the  use  of  a 
35-ft-long  underwater  scope  equipped  with  a  6-ln.-dlam  bottom  glass  and  a  high 
power  telescope  (McDonald  1980).  Visual  inspection  is  quick,  easy,  and  non¬ 
destructive.  However,  there  are  numerous  lioltations  to  this  type  of  inspec¬ 
tion  technique  resulting  from  the  environment,  the  diver,  and  defects  which 
are  not  obvious  on  the  surface  of  the  structure.  Visual  inspection  is  quali¬ 
tative  in  nature  and  does  not  provide  information  about  concrete  strength  or 
other  quantitative  properties.  Visual  inspection  by  divers  can  provide  much 
useful  information  and  locate  some  defects,  but  there  is  much  desirable  infor¬ 
mation  which  cannot  be  provided  by  visual  Inspection. 

161.  Many  substructures  are  in  water  so  turbid  that  visibility  is 
severely  limited.  In  this  type  of  environment  the  diver  must  touch  and  feel 
the  substructure  to  detect  flaws,  damage,  or  deterioration.  Divers  may  con¬ 
duct  an  inspection  using  only  tactile  methods  in  zero  visibility,  but  it  is 
difficult,  if  not  impossible,  to  accurately  assess  the  condition  of  a  structure 
using  this  technique.  The  task  is  even  more  difficult  in  cold  water,  or  when 
there  is  a  strong  current,  or  where  the  structure  is  coated  with  marine 
deposits. 
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Ultrasonic  pulse  velocity 

162.  Ultrasonic  pulse  velocity  (ASTM  C597-71/CRD-C  51-72)  Is  determined 
by  measuring  the  time  of  transmission  of  an  acoustic  pulse  of  energy  through  a 
knoxn  distance  of  concrete.  The  velocity  of  the  pulse  Is  proportional  to  the 
dynamic  modulus  of  elasticity  which.  In  turn.  Infers  concrete  strength.  The 
results  can  be  affected  by  many  factcrs  Including  aggregate  content  and  rein¬ 
forcing  steel  location.  The  results  obtained  are  quantitative,  but  they  are 
only  relative  In  nature.  Pulse  velocities  need  to  be  correlated  with  other 
tests  such  as  corings.  In  order  to  obtain  absolute  values.  That  Is,  the  test 
Is  not  reliable  enough  In  Its  present  form  for  direct  strength  determination 
but  evaluai-^d  h'^mogareity  and  crack  location  quite  well.  Underwater  use  of 
this  method  has  been  limited . 

Schosouiiders 

163.  Echosounders  (specially  fathometers)  are  effective  In  checking 
sc  ars  in  the  streambed.  However,  when  an  echosounder  Is  used  very  close  to 
the  structure  erroneous  returns  from  the  structural  elements  underwater  may 
occur.  Consequently,  undermining  of  piers  or  abutments  cannot  be  adequately 
detected  with  an  echosounder.  Furthermore,  the  broad  sonic  beam  and  inade¬ 
quate  resolution  make  it  unsuitable  for  mapping  erosion  damage  to  horizontal 
concrete  surfaces. 

Side-scan  sonar 

164.  A  slie-scan  sonar  system  Is  similar  to  the  standard  bottom-looking 
echosounder  except  that  the  signal  from  the  transducer  is  directed  laterally, 
producing  two  cide-looklng  beams.  The  system  consists  of  a  pair  of  transducers 
mounted  la  an  underwater  houslt.g,  or  "fish”,  and  a  dual  channel  recorder  con¬ 
nected  i. the  fish  by  a  conductive  cable.  The  recorder  initiates  the  signal 

CO  be  transmitted  by  the  transducers  and,  after  a  period  of  time,  depending  on 
the  distance  the  signal  travels,  the  reflected  return  signal  is  received  and 
appears  as  a  darkened  area  on  the  chart  recorder.  The  more  reflective  the 
object  Illuminated  by  the  signal  is,  the  darker  the  object  appears  on  the 
record.  Directly  behind  this  r!?turn  appears  a  shadow  area  the  size  of  which 
is  dependent  upon  che  size  of  the  object  illuminated,  the  angle  of  the  signal 
to  ^he  object,  an.’  the  angle  of  the  slope  behind  the  object.  The  various 
shades  of  gray  ndlcate  changes  in  texture  and  relief  on  the  bottoi"  (Patterson 
and  Pope  1983) . 

iri).  A  major  concern  of  the  application  of  the  side-scan  sonar 


technique  In  observing  underwater  structures  along  coastal  slopes.  Is  the 
resolution  (the  ability  to  distinguish  one  object  from  another)  offered. 

Since  the  goal  of  the  Inspection  work  Is  to  assess  the  condition,  coverage,  or 
damage,  the  highest  degree  of  available  resolution  Is  sought.  The  problem  of 
resolution  Is  of  greater  concern  with  regard  to  mapping  and  profiling  erosion 
damage  to  lock  chamber  floors,  stilling  basins,  and  other  horizontal  concrete 
structures  where  accuracies  of  ±  1  to  2  In.  are  desired. 

166.  In  the  past  several  years  the  side-scan  technique  has  been  used  to 
map  surfaces  other  than  the  ocean  bottom.  Successful  trials  have  been  con¬ 
ducted  on  the  slopes  of  Ice  Islands  and  breakwaters  and  on  vertical  pier 
structures  (Mazel  1984).  Although  the  side-scan  sonar  technique  permits  a 
broad-scale  view  of  the  underwater  structure,  the  broad  beam  and  lack  of 
resolution  make  It  unsuitable  for  obtaining  the  kind  of  data  required  from 
Inspections  of  CE’s  horizontal  concrete  structures. 

Radar 

167.  As  previously  noted  (Task  I)  in  this  report,  certain  types  of 
radar  have  been  used  to  evaluate  the  condition  of  concrete  up  to  30  In.  in 
depth.  Radar  can  differentiate  between  serviceable  concrete  and  deteriorated 
concrete.  The  deterioration  can  be  In  the  form  of  delamlnatlons,  deteriora¬ 
tions,  microcracks,  and  cracks  up  to  and  including  small  voids.  Radar  can 
also  detect  changes  In  material  and  locate  where  these  changes  occur.  These 
types  of  evaluations  have  been  performed  on  dry  concrete,  that  is,  concrete 
above  water. 

168.  There  are  no  references  describing  radar  evaluation  of  underwater 
concrete.  Members  of  the  staff  of  the  CRREL  successfully  used  Impulse  radar 
to  locate  the  "black  box"  which  was  lost  In  the  Potomac  River  after  the  Air 
Florida  jet  hit  the  bridge  near  Washington,  DC,  In  January  1982.  In  September 
1985,  WES  and  CRREL  personnel  worked  together  in  an  initial  attempt  to  locate 
and  determine  the  condition  of  underwater  articulated  concrete  mattresses  used 
for  bank  erosion  control  In  the  Mississippi  River. 

169.  The  tests  mentioned  above  indicate  that  the  use  of  radar  as  an 
underwater  Inspection  tool  may  certainly  be  feasible.  Hov/ever,  further 
research  Is  needed  in  this  area. 

Laser  mapping 

170.  The  Invention  of  the  laser  and  subsequent  advancements  in 
measurement  technology  have  made  possible  a  promising  new  mapping  technique 
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that  has  the  potential  to  dramatically  Improve  the  capability  to  map  topo¬ 
graphic  features.  Previously  It  was  Impractical  to  acquire  this  Information 
over  large  areas.  Laser  systems  are  capable  of  making  extremely  accurate 
distance  measurements.  Airborne  laser  mapping  systems  have  been  examined  for 
applicability  In  terrain  surface  mapping,  bathymetry,  and  water  quality. 

171.  The  ability  to  accomplish  terrain  bathymetric  mapping  (in  reason¬ 
ably  clear  water)  has  been  demonstrated.  Perhaps  the  most  serious  constraint 
to  Improving  the  performance  of  airborne  laser  mapping  systems  is  the  adaption 
of  Improved  positioning  technology.  Improvements  in  laser  systems  can  enhance 
current  capabilities  but  to  a  lesser  degree  than  Improvements  in  positioning 
technology  (Link,  Krablll,  and  Swift  1982). 

172.  When  the  CE-USBR  study  was  Initiated,  arrangements  were  made  for 
the  review  of  terrain  surface  data  to  be  collected  by  the  Environmental  Lab¬ 
oratory,  WES,  with  an  airborne  laser  system.  Tentative  arrangements  were  made 
with  the  Naval  Ocean  Research  and  Development  Activity  to  have  access  to  per¬ 
tinent  data  collected  from  tests  of  a  laser  system  being  developed  for  bathy¬ 
metric  measurements. 

173.  The  Information  gathered  from  following  the  progress  of  these 
programs  Indicates  that  airborne  laser  systems  could  be  applied  to  the 
detailed  mapping  of  underwater  structures.  However,  such  an  application  was 
beyond  the  state  of  the  art  at  the  time  and  would  have  required  more  manpower 
and  fiscal  resources  than  were  available  in  this  work  unit.  There  are  also 
technical  problems  associated  with  laser  systems  In  achieving  the  desired 
resolution  for  our  purposes.  Future  developments  in  laser  technology  (as 
applied  to  bathymetric)  may  solve  these  problems  and  make  the  laser  a  tech¬ 
nically  and  economically  feasible  tool  for  underwaLer  evaluation  applications. 
Remotely  operated  vehicles 

174.  Remotely  Operated  Vehicles  (ROVs)  have  been  employed  in  underwater 
work  since  the  mid-1900's.  Since  about  1975,  the  number  and  type  of  ROVs  have 
greatly  increased.  Today,  there  are  towed  vehicles,  bottom-crawlers,  vehicles 
whl^h  carry  their  own  power  supply,  and  those  which  are  controlled  remotely 
from  the  surface.  Needless  to  say,  this  list  is  not  all-inclusive.  There  are 
at  least  six  basic  types  of  ROVs: 

a.  Tethered,  free  swimming. 

b.  Towed  (midwater  and  bottom/structurally  reliant). 

c.  Bottom-reliant. 


81 


d.  Structurally  reliant. 

e.  Untethered. 

f.  Hybrid  vehicles. 

The  primary  distinction  between  these  groups  Is  the  means  whereby  they  obtain 
power  for  operation  (Marine  Technology  Society  1984).  The  ROV  will  almost 
always  be  equipped  with  closed  circuit  television  (CCTV) ,  and  It  Is  capable  of 
accommodating  some  types  of  mechanical  manipulators.  Surface-cleaning  equip¬ 
ment  and  selected  types  of  nondestructive  testing  apparatus  have  been  operated 
from  ROVs. 

175.  The  tethered,  free-swlmmlng  ROV  has  been  used  for  Inspection  of  at 
least  two  CE  projects.  The  US  Army  Engineer  District,  Omaha,  contracted  for 
ROV  Inspection  of  underwater  tunnels  at  Fort  Peck  Dam  in  Montana  and  tunnels 
and  trashracks  at  Oahe  Dam  In  South  Dakota.  The  tunnels  which  were  approxi¬ 
mately  20  ft  In  diameter  ranged  In  length  from  1,600  to  2,600  ft  and  were 
between  150  and  190  ft  below  the  water's  surface.  Deterioration,  major  off¬ 
sets,  cracking,  and  spalling  were  the  features  to  be  Identified  in  the  tunnels. 
Material  buildup  and  structural  condition  were  the  concerns  for  the  trashracks. 
Except  for  minor  amounts  of  debris  near  the  bases  of  the  trashracks,  nothing 
was  observed  that  would  warrant  any  further  investigation. 

176.  ROVs  perform  well  in  investigations  of  this  nature  where  obser¬ 
vance  of  general  conditions  and  abnormal  features  of  otherwise  inaccessible 
structures  Is  desired.  However,  at  the  present  state  of  development,  ROVs  are 
not  capable  of  delivering  high-resolution,  repeatable,  erosion-damage  data 
from  underwater  concrete  structures  such  as  aprons,  lock  chamber  floors,  and 
stilling  basins. 

Underwater  acoustic  profilers 

177.  In  view  of  the  Inadequacies,  lack  of  applicability,  or  resource 
requirements  of  the  previously  listed  Inspection  techniques,  and  because  of 
known  prior  developmental  work  on  an  experimental  acoustic  system,  a  decision 
was  made  to  concentrate  on  acoustics  In  the  initial  effort  to  develop  a 
mapping-profiling  system  for  underwater  structures. 

178.  Erosion  and  downf suiting  of  submerged  structures  have  always  been 
difficult  to  accurately  map  using  standard  acoustic  (sonic)  surveys  because  of 
limitations  of  the  various  systems.  Sonic  surveys,  side-scan  sonar,  and  other 
underwater  mapping  tools  are  designed  primarily  to  see  targets  rising  above 
the  plane  of  the  sea  floor.  As  previously  discussed,  broad  sonic  beams 
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provide  broad  coverage.  A  narrow  beam  is  needed  to  see  Into  depressions  and 
to  use  close  to  vertical  surfaces. 

179.  In  1978,  as  a  part  of  a  program  to  look  for  alternatives  to  con¬ 
struction  of  new  structures  at  Locks  and  Dams  No.  26  (L&D  No.  26)  on  the  Mis¬ 
sissippi  River,  Holosonlcs,  Inc.,  did  some  work  for  the  US  Army  Engineer 
District,  St.  Louis,  with  a  "High  Resolution  Acoustic  Mapping  System"  (HRAM) . 
This  work  was  the  first  attempt  to  develop  within  the  CE  an  acoustic  system 
suitable  for  mapping  the  surface  contours  of  stilling  basins,  lock  chamber 
floors,  and  other  underwater  structures.  The  results  obtained  with  the  HRAM 
system  were  very  encouraging.  The  floor  slabs  of  the  main  and  auxiliary  lock 
chambers  were  profiled  and  defects  that  had  been  previously  located  by  divers 
were  detected  by  the  HRAM  system.  A  portion  of  the  stilling  basin  downstream 
of  one  gatebay  In  the  dam  was  Inspected  with  the  system,  Features  of  the 
stilling  basin  such  as  the  concrete  sill,  the  downstream  diffusion  baffles, 
and  some  abrasion-erosion  holes  were  mapped  and  profiled.  The  accuracy  of  the 
system  appeared  to  be  adequate  for  defining  bottom  features  In  the  field. 

There  were  some  problems  with  the  positioning  and  orientation  of  the  work 
platform  (boat)  and  with  recording  Its  location  so  that  a  permanent  record  of 
defects  could  be  made  and  compared  with  results  of  future  surveys. 

180.  Holosonlcs,  Inc.,  went  out  of  business  in  1979.  This  fact  plus 
the  fact  that  the  investigation  at  L&D  No.  26  was  part  of  a  special,  one-time 
funded  program,  precluded  any  Immediate  followup  on  development  of  the  HRAM. 
After  the  Initiation  of  the  joint  CE-USBR  NDT  R&D  program,  it  was  determined 
that  the  Improvement  of  the  accuracy  and  operational  efficiency  of  the  HRAM 
system  would  probably  be  the  quickest  and  most  economical  approach  to  provid¬ 
ing  a  suitable  mapping  and  profiling  system  for  field  use  in  lock  chambers, 
stilling  basins,  and  other  underwater  structures.  In  December  1981,  during  a 
discussion  of  the  general  scope  and  direction  of  the  NDT  work,  representatives 
of  the  Office,  Chief  of  Engineers  (OCE) ,  the  USSR,  and  the  WES  agreed  that  the 
accuracy  and  operational  efficiency  of  the  HRAM  should  be  improved,  and  that 
the  system  should  be  improved  and  modified  to  facilitate  underwater  mapping 
and  profiling  of  typical  USSR  and  CE  structures.  They  also  recommended  that  a 
demonstration  should  be  arranged  to  verify  the  accuracy  and  operational  effi¬ 
ciency  of  the  system. 

181.  In  July  1982,  a  contract  was  awarded  to  SONEX,  Ltd.,  of  Richland, 
Washington,  to  write  a  detailed  description  and  specifications  for  an  acoustic 
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system  which  would  meet  the  needs  of  the  USBR  and  WES  for  mapping  and  profil¬ 
ing  underwater  structures.  The  description  and  specifications  were  delivered 
to  WES  In  February  1983.* 

182.  The  system  which  was  subsequently  built  to  these  specification  has 
unique  capabilities  which  allow  It  to  "see”  objects  rising  above  the  plane  of 
the  bottom,  extract  data  from  narrow  depressions  and  areas  close  to  vertical 
surfaces  (Figure  51),  provide  continuous  real-time  data  on  the  elevation  of 
the  bottom  surface,  and  record  and  store  all  data  so  that  three  different 
presentations  of  output  may  be  produced. 

183.  The  system  contains  an  acoustic  subsystem,  a  positioning  subsystem, 
and  a  compute-and-record  subsystem.  The  acoustic  subsystem  Includes  a  trans¬ 
ducer  array  (Figures  52  and  53)  and  a  transceiver-signal  processing  module 
(Figure  54) . 

184.  The  functions  of  the  acoustic  subsystem  are  to  (a)  generate  pulses 
to  activate  each  of  the  transducers  of  the  transducer  array;  (b)  amplify, 
rectify,  and  detect  the  reflected  acoustic  signal  received  at  the  transducer 
array;  (c)  determine  the  tlme-of-fllght  for  the  acoustic  signal  from  the 
transducer  to  the  bottom  surface  and  back;  and  (d)  output  the  tlme-of-fllght 
data  to  a  computer. 

185.  The  computer  calculates  the  elevation  of  the  bottom  surface  using 
the  tlme-of-fllght  Information  and  prerecorded  water  level  data.  This  Infor¬ 
mation  Is  displayed  on  a  video  terminal  on  board  the  surveying  boat,  and  the 
basic  data  are  recorded  on  magnetic  disks. 

186.  The  primary  Interrogation  transducers  are  designed  to  have  a  nar¬ 
row  cone  transmission  pattern.  Their  nominal  operational  frequency  Is 

360  kHz,  and  the  narrow  pattern  Is  achieved  by  using  a  piezoelectric  ceramic 
element  whose  diameter  equals  several  wavelengths.  The  resultant  cone  disper¬ 
sion  Is  1  deg  at  6  db.  The  transducers  are  classified  as  flat-piston  radia¬ 
tors  and  transmit  an  essentially  flat  acoustic  wave  front.  Their  narrow  beam 
design  provides  the  capability  for  looking  Into  a  depression  of  2  ft  or  larger 
In  diameter  and  detecting  the  bottom  elevation  within  ±2  In. 

*  The  description  and  specifications  are  included  in  this  report  as 
Appendix  A.  Anyone  needing  further  information  should  contact  Henry 
Thornton  at  the  following  address:  Commander  and  Director,  US  Amy 
Engineer  Waterways  Experiment  Station,  ATTN:  Henry  Thornton,  Jr. 

(CEWES-SC-A) ,  PO  Box  631,  Vicksburg,  MS  39180-0631;  or  call  (601) 

634-3797. 
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Figure  51.  Artist's  concept  showing  sur¬ 
vey  boat  and  narrow-beam  transducers  of 
underwater  acoustic  profiler 
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Figure  52.  Transducer  array  bar  prior  to  lowering 

into  water 


Figure  53.  Transducer  array  bar  lowered  into  survey 
position  under  survey  boat 


Figure  54.  The  transceiver-signal  processing  module  calcu¬ 
lates  bottom  elevations  using  data  from  acoustic  transducer 

array 

187.  During  a  survey,  as  the  boat-mounted  array  Is  moved  forward,  the 
multiple  transducers  are  sequentially  pulsed.  The  first  signal  returning  to 
each  transducer  from  the  bottom  is  detected,  and  depth  and  location  data  are 
recorded. 

188.  The  positioning  subsystem  keeps  track  of  the  position  of  the 
transducer  array  bar.  Since  the  bar  Is  mounted  on  a  floating  work  platform, 
it  Is  free  to  move  in  any  direction  and  to  rotate  about  any  of  three  orthog¬ 
onal  axes;  i.e.,  it  has  six  degrees  of  freedom  (Figure  55).  The  positioning 
subsystem  Is  capable  of  controlling  and  determining  the  displacement  of  the 
bar  In  each  of  these  six  degrees  of  freedom.  Because  the  system  has  excellent 
vertical  resolution,  the  lateral  position  of  the  survey  boat  must  be  deter¬ 
mined  with  greater  accuracy  than  the  10-  and  15-ft  accuracy  of  standard  ocean 
surveys  to  take  full  advantage  of  the  system  capabilities. 

189.  The  lateral  positioning  network  consists  of  a  submerged  sonic 
transmitter  on  the  boat  and  two  or  more  transponders  in  the  water  at  known  or 
surveyed  locations  (Figure  56) .  Boat  position  can  be  calculated  from  two 
known  distances.  As  each  transponder  receives  the  sonic  pulse  through  the 
water  from  the  boat  transmitter  (Figure  57),  It  causes  the  time-of-detection 
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Figure  56.  Underwater  locator  trans¬ 
ponders;  the  remote  transponder  is  on 
the  right;  the  boat  transponder  is  on 
the  left 


Figure  57.  Radio  transmitter 
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to  be  Instantaneously  radioed  back  to  the  survey  boat.  Distance  from  the  boat 
to  the  transponder  Is  then  calculated  from  the  tlme-of-f light,  and  the  position 
is  calculated  and  displayed  by  an  onboard  computer.  The  network  can  be  easily 
reestablished  for  subsequent  surveys,  and  the  survey  boat  and  transducer  array 
bar  can  be  returned  to  any  location  within  the  net%rork  with  the  same  accuracy. 

190.  The  compute-and-record  subsystem  provides  for  computer-controlled 
operation  of  the  system,  and  for  processing,  display,  and  storage  of  data. 
Survey  results  are  in  the  form  of  real-time  strip  charts  showing  absolute 
relief  for  each  run,  three-dimensional  (3-D)  surface  relief  plots  showing 
composite  data  from  the  survey  runs  in  each  area,  contour  maps  of  selected 
areas,  and  data  printouts  of  the  individual  data  point  values. 

191 .  The  high-resolution  acoustic  mapping  system  is  designed  to  operate 
in  water  depths  of  5  to  40  ft  and  produce  accuracies  of  ±2  in.  vertically  and 
±1  Li  laterally.  The  system  can  be  modified  to  do  deeper  surveys  and  can  be 
adapted  to  large  or  small  survey  areas.  An  artist’s  concept  of  the  system  in 
operation  is  shown  in  Figure  58. 

192.  In  September  1983,  a  contract  was  awarded  to  SONEX,  Ltd.,  to  pro¬ 
vide  hlgh-rcsolutlon  acoustic  survey  equipment  and  to  perform  a  survey,  in 
accordance  with  the  specifications,  at  Folsom  Dam,  a  USSR  project  on  the  Amer¬ 
ican  River  near  Sacramento,  California  (Figures  59  and  60).  The  structure 
Inspected  was  the  stilling  basin  which  is  approximately  242  ft  wide  and  350  ft 
long  (Figure  61).  Nearly  85,000  sq  ft  of  stilling  basin  floor  were  surveyed 
in  approximately  two  days,  exclusive  of  setup  time  (SONEX  1984). 

193.  The  purpose  of  this  survey  was  to  (a)  demonstrate  the  ability  of 
the  system  to  perform  in  the  field  in  accordance  with  the  specif leaf ions, 

(b)  determine  the  presence  of  erosion  and  deposition  on  the  stilling  basin 
floor,  and  (c)  produce  survey  data  which  would  be  easy  to  read  and  would 
readily  indicate  the  presence  and  extent  of  erosion  and  deposition  in  the 
stilling  basin. 

194.  The  results  of  the  survey  were  presented  as  a  contour  map  of  the 
stilling  basin  area,  and  a  3-D  surface  plot  of  the  stilling  basin  floor. 

These  are  included  as  Plates  1  and  2  which  contain  the  contour  map,  and 
Plate  3,  the  3-D  plot  of  the  stilling  basin  floor  (SONEX  1984). 

195.  The  final  results  are  produced  from  the  raw  survey  data.  Two 
different  presentations  are  given.  These  serve  two  different  purposes: 
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a.  The  contour  map  can  be  easily  read  to  determine  the  absolute 
elevation  within  the  limits  of  the  contour  Interval  selected. 
The  lateral  and  vertical  extent  of  any  changes  In  the  bottom 
elevation  can  be  measured. 

b.  The  3-D  plot  provides  a  more  easily  understood  picture  of  the 
overall  condition  of  the  area.  By  accentuating  the  vertical 
scale,  subtle  elevation  changes  which  may  cover  less  than  one 
contour  Interval,  can  be  seen.  The  viewer  can  pick  out  fea¬ 
tures  which  might  be  overlooked  on  the  contour  map  and  deter¬ 
mine  the  relationship  between  them. 

196.  Plate  1  is  the  contour  map  of  the  downstream  half  of  the  stilling 
basin.  Plate  2  shows  the  upstream  half.  Scale  for  each  plate  is  20  ft/ln. 
The  contour  Interval  for  each  plate  Is  0.2  ft.  The  numbers  inside  of  each 


contour  enclosure  show  the  erosion  (or  deposition)  for  that  enclosure,  as 


Figure  59.  Folsom  Dam,  California 


Figure  60.  Boarding  the  survey  platform  at 
Folsom  Dam 


Figure  61.  Survey  of  stilling  basin  In  progress  at  Folsom  Dam 

A  "+"  indicates  that  the  measured  elevation  was  within  0.2  ft,  plus  or  minus, 
of  the  calculated  as-bullt  elevation.  Letters  "A”  or  "B"  indicate  elevations 
above  the  calculated  as-built  elevation.  Asterisks  indicate  that  no-depth 
data  were  available  at  that  point.  The  sonic  signal  was  lost,  probably  due  to 
signal  scattering  in  a  debris  pile.  Areas  where  erosion  is  more  than  0.4  ft 
deep  are  shaded  for  clarity. 

197.  There  are  a  few  locations  where  over  1.0  to  1.2  ft  of  erosion  was 
measured.  These  are  marked  with  the  number  ”5”  on  the  contour  map.  If  any 
deeper  holes  are  present,  they  were  too  small  to  be  detectable  at  a  depth  of 
35  ft.  (The  sonic  footprint  of  a  1-deg  transducer  at  a  depth  of  35  ft  Is  a 
circle  about  1-1/2  ft  in  diameter.) 

198.  Near  the  top  of  Plate  1,  the  dashed  line  shows  the  position  of  the 
slope  break.  Below  this  line,  the  stilling  basin  floor  is  flat.  The  as-bullt 
elevation  is  115  ft.  Above  the  line  the  floor  rises  to  the  dam  on  a  12.5  per¬ 
cent  slope.  In  preparing  the  contour  map,  the  effects  of  the  slope  rise  were 
removed.  The  contours  shown  in  Plate  2,  and  in  the  upper  strip  of  Plate  1, 
are  relief  above  or  below  the  calc  lated  as-built  elevation.  Since  this  cal¬ 
culation  was  necessary,  and  because  the  accuracy  of  the  calculation  depends 
greatly  on  knowing  the  precise  location,  the  absolute  accuracy  of  the  contours 
on  the  slope  is  not  as  good  as  the  accuracy  of  the  contours  on  the  flat.  A 
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1-ft  error  in  boat  position  causes  a  0.125-i:t  error  in  the  calculated  as-built, 
more  than  half  of  a  contour  Interval. 

199.  Plate  3  shows  a  3-D  surface  plot  of  the  stilling  basin.  The 
horizontal  scale  is  40  ft/in.,  and  the  vertical  scale  is  8  ft/in. 

200.  The  3-D  presentation  gives  an  overall  picture  of  the  floor  of  the 
stilling  basin  as  it  would  appear  if  it  were  dewatered.  The  observer  is 
standing  at  the  powerhouse,  and  looking  toward  the  Folsom  side  of  the  basin. 

The  dam  is  at  the  left  of  the  picture.  The  flat-topped  end  sill  can  be  seen 
at  the  rlghw.  The  apparent  superlmposltion  of  the  end  sill  of  the  floor  is  a 
function  of  the  viewing  angle  and  the  vertical  scale  exaggeration. 

201.  The  general  outline  of  the  erosion  and  deposition  can  be  readily 
seen.  As  expected,  the  worst  erosion  is  seen  at  the  downstream  end  near  the 
end  sill  where  the  turbulence  would  be  most  severe c  This  confirms  the  data 
seen  in  Plate  1. 

202.  The  smoothness  of  the  end  sill  profile  confirms  the  repeatability 
and  accuracy  of  the  system’s  depth  measurements,  and  also  indicates  the  sta¬ 
bility  of  the  boat  as  a  survey  platform.  The  slight  variations  may  be  boat 
motion,  or  they  may  be  construction  or  erosion  irregularities. 

203.  In  contrast  to  the  smooth  end  sill,  most  of  the  bottom  is  covered 
with  ripples.  These  are  more  likely  to  be  ripple  patterns  in  the  thin  silt 
cover,  than  to  be  an  effect  of  survey  boat  motion.  The  ripple  marks  tend  to 
cross  from  boat-run  to  boat-run  without  breaking,  and  occasionally  the  ripple 
patterns  are  detected  by  all  but  one  or  two  of  the  transducers. 

204.  An  example  of  the  ability  to  recognize  subtle  features  using  the 
3-D  plot  is  seen  in  Plate  3  along  line  A-A’  (Sta  13+21).  An  eroslonal  feature 
can  be  seen  near  Point  A.  Following  across  the  line,  several  other  depres¬ 
sions  can  be  seen  forming  a  linear  trend  across  the  stilling  basin  floor.  On 
the  contour  map  some  of  the  same  depressions  are  seen;  some  are  too  shallow  to 
be  seen.  The  linear  trend  could  be  overlooked. 

205.  Is  this  really  a  linear  feature?  Most  probably  it  is.  At 

Sta  13+21,  there  is  a  construction  joint  across  the  basin  floor.  Evidently, 
erosion  is  developing  along  the  edges  of  the  seam. 

206.  Furthermore,  50  ft  downslope  at  Sta  13+71  another,  even  more  sub¬ 
tle,  linear  trend  can  be  seen  (line  B-B').  This  corresponds  to  another 
construction  seam.  At  Sta  12+71  (line  C-C’),  one  can  barely  discern  the  trace 
of  a  third  seam. 
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207.  Certainly,  these  last  two  features  are  not  Important.  Perhaps 
even  the  first  example  Is  not  significant  In  terms  of  structure  and  dam  safety. 
The  maximum  erosion  measured  near  A  Is  0.48  ft.  This  does  provide  an  excel¬ 
lent  example  of  the  subtle  features  that  can  be  seen  on  a  3-D  surface  plot. 

208.  At  Folsom  Dam,  It  was  Important  to  have  both  methods  of  data  pre¬ 
sentation.  As  mentioned  earlier,  the  sloping  section  of  the  stilling  basin 
floor  created  seme  difficulties  for  contour  plotting,  particularly  at  the  ends 
of  the  run,  where  the  greatest  error  in  positioning  was  experienced.  In  this 
section.  It  was  easy  to  see  the  relative  elevation,  but  difficult  to  see 
whether  a  shallow  depression  represented  erosion  or  a  section  with  less  silt 
deposition.  Typically,  the  variations  In  elevation  were  under  3  In.  Contour 
plotting  under  these  conditions  Is  less  accurate  than  usual. 

209.  It  Is  easier  to  distinguish  between  erosion  and  deposition  when 
the  entire  picture  can  be  seen  as  In  the  3-D  plot.  Area  D  in  Plate  3  Is  an 
example  of  broad,  low  deposition.  The  maximum  height  of  the  silt  buildup 
measures  0.24  ft  (2.9  In.).  Over  most  of  the  area,  the  buildup  Is  less  than 
0.2  ft,  one  contour  interval. 

210.  Area  E  is  another  area  of  deposition.  In  addition  to  silt  deposi¬ 
tion,  there  may  be  a  buildup  of  debris  Including  brush  and  logs.  This  is 
Interpreted  from  the  lack  of  sonic  signal  return  In  the  three  blank  spots  In 
Area  E.  As  was  seen  at  the  end  sill,  the  sonic  signal  can  be  deflected  away 
from  the  transducer  by  sharply  sloping  surfaces.  The  signal  can  also  be 
scattered  by  a  rough  surface  such  as  a  pile  of  brush  would  represent. 

211.  There  Is  some  deposition  on  the  slope  along  the  full  length  of  the 
slope  break  at  Sta  14+24.2.  Accompanying  this  is  some  erosion  on  the  flat 
directly  below  the  break.  This  slope-break  erosion  appears  worse  In  Area  F, 
on  the  lower  half  of  the  plot  where  the  maximum  erosion  measures  0.70  ft. 

212.  The  greatest  area  of  erosion  occurs  in  the  downstream  half  of  the 

flat  section  of  the  stilling  basin.  Area  G.  Over  1  ft  of  material  Is  missing 

In  some  spots.  This  can  readily  be  seen  In  both  the  contour  map  and  the  3-I> 
plot.  Interestingly,  the  evidence  of  erosion  along  the  construction  seams  at 
Sta  14+71  and  15+21  can  be  seen  along  with  the  effects  of  general  erosion. 

213.  Most  of  the  sharp  ’’spikes"  on  the  3-D  plot  are  fish.  Some  appear 

to  be  bottom-feeders  and  some  are  near  the  surface. 

214.  The  one  spike  which  appears  different  is  labelled  "H"  in  Plate  3. 
The  top  of  this  feature  Is  between  131  and  132  fc  In  elevation  and  covers  an 
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area  ol  sq  ft.  The  feature  appears  to  be  rectangular,  3  by  4  ft  on  the 
sides.  It  Is  separated  truu  by  2  ft,  and  extends  from  Sta  15+26  to 

15+29.  The  uniformity  of  the  elevations  of  the  suLf^i^e  suggests  that  It  Is  a 
manufactured  artifact,  but  nothing  was  seen  on  the  construction  prints  which 
would  correspond  to  such  an  object. 

215.  Two  runs  at  the  bottom  of  the  3-D  plot  are  shorter  than  tht.  others. 
At  the  time  the  survey  was  run,  water  was  being  pumped  out  of  a  powerhouse 
sump  and  discharged  In  a  heavy  stream  from  a  pipe  high  up  the  wall  at  the 
corner  of  the  stilling  basin.  The  runs  were  cut  short  to  avoid  the  waterfall. 

216.  The  contour  maps  In  Plates  1  and  2  and  the  3-D  plot  In  Plate  3  are 
based  on  data  from  83,260  Individual  depth  measurements  made  during  the  survey. 
An  additional  10,400  measurements  were  made  to  check  specific  areas  and  to 
confirm  the  results  of  the  main  survey.  Furthermore,  the  existing  survey  data 
can  be  used  to  plot  a  variety  of  3-D  surfaces  using  different  viewing  angles 
and  different  vertical  scales.  Comparisons  can  be  readily  made  between  the 
current  data  and  data  which  may  be  obtained  In  future  surveys. 

217.  With  the  completion  of  the  survey  at  Folsom  Dam,  two  of  the  goals 
agreed  upon  by  the  representatives  of  OCE,  USBR,  and  WES  had  been  accom¬ 
plished;  l.e.,  that  the  accuracy  and  operational  efficiency  of  the  HRAM  be 
Improved,  and  that  the  system  be  Improved  and  modified  to  facilitate  under¬ 
water  mapping  and  profiling  of  typical  USBR/CE  structures.  The  remaining  goal 
was  to  verify  the  accuracy  of  the  system. 

218.  The  stilling  basin  at  Folsom  Dam  was  dewatered  In  August  of  1980, 
and  an  examination  of  erosion  and  buildup  of  gravel  and  debris  was  performed. 
The  stilling  basin  was  again  dewatered  In  September  of  1982.  Topographic  data 
obtained  In  1982  were  compared  with  data  obtained  In  1980.  No  significant 
changes  were  noted  at  the  scale  used.  For  this  reason,  the  drawings  showing 
the  features  of  the  stilling  basin  In  1980  were  considered  to  be  accurate  for 
describing  the  features  existing  In  1982.  These  drawings  are  shown  In 
Plates  4  and  5.  Plate  4  gives  elevations  and  other  data  on  the  downstream 
half  of  the  stilling  basin.  Plate  5  gives  similar  data  on  the  upstream  half. 

219.  If  the  acoustic  profiler  can  produce  the  required  accuracy,  then 
Plates  1  and  2,  which  show  the  condition  of  the  stilling  basin  as  recorded  In 
the  survey  performed  with  the  acoustic  profiler  in  1983,  should  match 
reasonably  well  the  condition  shown  In  Plates  4  and  5,  which  show  the  condi¬ 
tion  recorded  in  1982  at  the  time  of  dewatering.  A  comparison  of  Plates  1  and 
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2  with  Plates  4  and  5  shows  that  this  is  the  case.  This  can  be  confirmed  most 
easily  by  noting  the  locations  of  the  most  severe  erosion  on  each  of  the  two 
sets  of  plates. 

220.  In  Plate  1,  there  are  two  areas  showing  considerable  erosion  of 

depths  up  to  1  ft.  One  area  is  located  predominately  along  a  vertical  line 
between  Sta  14+71  and  15+21--about  80  ft  from  the  left  wall  (looking  down¬ 
stream).  The  other  area  Is  located  along  a  horizontal  line  about  40-ft  long 
near  to,  and  running  parallel  with  the  end  sill.  These  areas  are  defined  with 

vertical  stripes  and  the  figure  "4,"  Indicating  erosion  depths  of  0.8  to 

1.0  ft.  There  are  smaller  areas  of  erosion  of  up  to  1.2  ft  within  these  two 
areas . 

221.  In  Plate  4,  a  vertical  line  of  erosion  of  comparable  depth  Is 
located  between  Sta  14+71  and  15+21,  about  80  ft  from  the  left  wall.  There 
are  numerous  elevations  recorded  near,  or  below,  elevation  114.0,  which  Is 

1  ft  below  the  design  elevation  of  115.0.  Plate  4  also  shows  a  horizontal 
line  of  severe  erosion,  similar  to  the  one  In  Plate  1,  near  the  end  sill 
(about  midway  across  the  stilling  basin) . 

222.  There  are  not  as  many  areas  of  erosion  with  which  to  make  compari¬ 
sons  In  Plates  2  and  5.  However,  the  area  on  the  match  line  In  Plate  2,  near 

the  right  wall  (looking  downstream) ,  shows  up  in  Plate  5  where  elevations  of 
114.7  and  114.9  are  recorded  (the  design  elevation  nearing  116.0). 

223.  The  comparisons  of  Plates  1  and  2  with  Plates  4  and  5  show  a 
strong  positive  correlation  between  the  data  obtained  with  the  acoustic  pro¬ 
filer  and  the  actual  condition  by  survey  of  the  stilling  basin  when  dewatered. 

224.  The  results  of  these  tests  and  subsequent  comparisons  of  data 
Indicate  that  the  underwater  acoustic  mapping  system  contains  the  accuracy  and 
operational  efficiency  to  provide,  without  dewatering,  an  accurate  and  compre¬ 
hensive  evaluation  of  top  surface  wear  on  horizontal  surfaces  (such  zs  aprons, 
sills,  lock  chamber  floors,  and  stilling  basins). 
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PART  IV:  TASK  III  -  ENGINEERING  GUIDANCE  FOR  EVALUATION  OF  CONCRETE 

IN  SERVICE 

225.  The  objective  of  this  task  was  to  develop  engineering  guidance  to 
establish  a  uniform  method  for  evaluating  the  condition  and  safety  of  existing 
concrete  structures. 

226.  The  study  was  authorized  by  Headquarters,  US  Army  Corps  of  Engi¬ 
neers  (HQUSACE) ,  under  Civil  Works  Research  Work  Unit  31553,  "Maintenance  and 
Preservation  of  Civil  Works  Structures,"  and  was  under  way  at  the  time  that 
Civil  Works  Research  Work  Unit  31753,  "Development  of  Nondestructive  Testing 
Systems  for  In  Situ  Evaluation  of.  Concrete  Structures,"  the  cooperative  effort 
of  CE  and  USBR,  was  Initiated.  Although  the  task  was  shifted  to  Work 

Unit  31753,  the  work  continued  on  separate  funding  provided  by  the  Concrete 
Research  Program.  Funds  for  publication  of  the  report  were  provided  through 
the  Repair,  Evaluation,  Maintenance,  and  Rehabilitation  (REMR)  Research  Pro¬ 
gram.  The  results  of  the  study  were  published  In  a  report  entitled,  "Engi¬ 
neering  Condition  Survey  of  Concrete  in  Service"  (Stowe  and  Thornton  1984), 
and  is  available  from  the  National  Technical  Information  Service,  5285  Port 
Royal  Road,  Springfield,  Virginia  22161. 


PART  V:  TASK  IV  -  VIBRATION  SIGNATURE  MEASUREMENTS 


227.  The  objective  of  Task  IV  vas  to  assess  the  use  of  a  structure's 
vibration  signature  as  obtained  by  the  inpact-resonance  technique  as  a  field 
inspection  tool. 

?28.  A  literature  review  revealed  a  number  of  sources  containing  the 
results  of  experimental  work  with  vibration  signatures  of  structures.  Bald¬ 
win,  Salane,  and  Duf field  (1978)  report  on  a  three-span  continuous  composite 
bridge  of  modern  design  that  was  field  tested  under  fatigue  loading  which  pro¬ 
duced  stresses  equal  to,  or  greater  than,  design  stresses.  Both  the  primary 
fatigue  loading  and  loading  for  dynamic-property  tests  were  imposed  by  a 
moving-mass  closed-loop  electrohydraulic-actuator  system.  During  the  fatigue 
loading  the  bridge  was  inspected  periodically  by  eight  different  inspection 
methods,  including  visual,  ultrasonic,  radiographic,  acoustic  emission,  and 
dynamic-signature  techniques. 

229.  Stiffness  coefficients  were  calculated  from  the  experimental  mode 
shapes  on  the  basis  of  a  multldegree-of-freedom  system  with  modified  coupling. 
Mechanical  impedance  plots  were  made  from  frequency  sweep  tests  which  included 
five  resonant  modes.  Changes  in  the  bridge  stiffness  and  vibration  signatures 
in  the  form  of  mechanical  impedance  plots  were  indicators  of  structural  deteri¬ 
oration  due  to  the  fatigue.  Indications  of  the  general  location  of  structural 
damage  were  provided  by  changes  in  the  vibration  signatures  of  the  bridge. 

The  study  showed  that  structural  degradation  can  be  detected  by  use  of 
mechanical  impedance  and  change-ln-stlffness  techniques.  These  techniques 
also  showed  promise  as  a  comparative  method  for  locating  crack  zones.  The 
study  found  that  additional  research  is  needed  to  refine  and  further  develop 
these  techniques  as  a  dynamic  inspection  method. 

230.  According  to  Pace  and  Alexander  (1982),  the  investigation  of  a 
structures'  vibrational  characteristics — such  as  frequency,  damping,  and  mode 
shape — is  called  modal  analysis.  Modal  analysis  is  the  process  by  which  the 
dynamics  of  an  elastic  structure  are  characterized. 

231.  There  are  a  numbitr  of  factors  that  influence  the  modal  properties. 
The  relationship  is  complex.  One  can  experimentally  observe,  however,  broad 
changes  in  the  modal  characteristics  by  looking  at  three  main  factors: 
geometry,  modulus,  and  boundary  conditions. 
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232.  Members  of  the  WES  staff  routinely  make  resonant  frequency  mea¬ 
surements  on  concrete  beams  subjected  to  test  for  resistance  to  freezing  and 
thawing  (ASTM  C215-60).  By  controlling  the  geometry  and  the  boundary  condi¬ 
tion  of  the  specimen*  it  Is  known  that  the  resonant  frequency  of  a  particular 
mode  will  decrease  as  the  modulus  of  elasticity  of  the  specimen  decreases. 

233.  It  is  known  that  a  geometry  change  will  affect  the  modal  proper¬ 
ties.  If  other  parameters  remain  unchanged,  an  Increase  In  length  will 
decrease  the  resonant  frequency  of  the  fundamental  flexural  mode.  If  the 
thickness  Is  Increased,  this  will  Increase  the  frequency  of  vibration.  It  Is 
evident,  then,  that  many  factors  can  Influence  changes  in  a  structure's  modal 
properties. 

234.  Richardson  (1980)  states  (on  detecting  damage  of  structures  by 

measuring  changes  In  their  modal  properties): 

The  underlying  assumption  of  this  survey  Is  that  changes 
In  modal  parameters  are  a  reliable  (and  sensitive)  Indi¬ 
cator  of  changes  In  structural  Integrity.  It  Is  our 
contention,  of  course,  based  upon  approximately  40  years 
of  combined  modal  testing  experiences,  that  this  Is 
indeed  the  case. 

Numerous  references  are  given  In  this  survey  that  show  how  various  forms  of 
damage  In  a  structure  will  also  change  the  modal  properties. 

235.  In  1980,  resonance  measurements  were  performed  on  a  14-ton  con¬ 
crete  block  In  the  laboratory  using  an  Impact  technique.  It  was  discovered 
that  the  dynamic  modulus  of  the  block  could  be  determined,  and,  also,  that  the 
resonant  frequency  data  could  be  Indicative  of  cracking  within  a  structure. 
Subsequently,  the  impact-resonant  technique  was  used  as  an  Inspection  tool  to 
rank  eight  concrete  piers  on  a  dam  structure  In  Lake  Superior  (Alexander  1981). 

236.  A  fourier  transform  analyzer  (Figure  62)  was  used  to  collect  modal 
analysis  data  using  transient  methods.  The  metal  A-frame  with  a  manually 
operated  winch  that  supports  the  Impactor  which  was  used  Is  shown  In  Figure  63. 
The  Impactor  was  pulled  back  manually  and  allowed  to  swing  over  a  2-  to  3-ft 
arc,  striking  the  reaction  block  which  was  bolted  to  a  metal  plate.  The  plate 
was  secured  to  the  concrete  structure  to  be  tested  by  metal  anchors  and  epoxy. 
A  load  cell  secured  to  the  front  of  the  Impactor  measured  the  load  pulse.  The 
response  of  the  structure  was  detected  by  an  accelerometer  placed  at  a  suit¬ 
able  location.  Thornton  et  al.  (1980)  gives  a  description  of  the  piers. 

237.  The  resonant  frequencies  of  the  eight  piers  were  determined  and 
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Figure  62.  Real-time  Fourier  transform  analyser  processes 
the  load-pulse  signal  and  the  resulting  free  vibration  of 

the  structure 


Figure  63.  System  to  generate  load  pulse — A-frame,  550-lb 
impactor,  load  cell  with  Impact  pad,  reaction  block,  and 

steel  plate 


found  to  bo  vory  dost  upon  conparlson.  A  calculated  weight-  and  shape-factor 
was  added  to  provide  the  paraneters  necessary  to  calculate  the  dynamic  Young's 
modulus  of  each  pier. 

238.  In  another  study  to  determine  the  state  of  deterioration  and 
Integrity  of  a  structure,  signature  analysis  measurements  were  made  on  a 
4-mile  supersonic  naval  ordnance  research  track  (SNORT)  (Sullivan,  Pace,  and 
Campbell  1984)  In  China  Lake,  California.  The  steel  rail  and  concrete  base 
were  continuous  for  the  total  length  of  the  structure.  Vibration  signatures 
were  obtained  at  lOO-ft  Intervals  over  the  4-mlle  length.  The  comparative 
analysis  Indicated  that  all  the  track  was  In  the  same  general  condition  except 
where  deteriorated  concrete  had  been  replaced.  This  structure  was  well  suited 
for  condition  assessment  by  comparative  signature  analyses.  The  geometry  and 
boundary  conditions  were  constant  over  the  entire  length  of  the  structure. 
Therefore,  changes  In  signature  could  be  attributed  to  changes  In  modulus, 
which  Is  one  of  three  parameters,  that  can  significantly  affect  the  response 
of  the  structure  to  dynamic  loading. 

239.  Because  resonant  frequencies  are  directly  related  to  the  mechani¬ 
cal  properties  of  a  concrete  structure.  It  appears  that  this  technique  can  be 
a  valuable  Inspection  tool  to  indicate  changes  In  the  Integrity  of  a  structure 
(Baldwin,  Salane,  and  Duffield  1978).  The  vibration  signature  of  a  structure 
can  be  determined  at  the  time  of  construction  and  monitored  over  time  for  a 
change;  or  structures  of  like  size,  geometry,  and  construction  (such  as  the 
Lake  Superior  piers)  can  be  compared;  or  portions  of  a  structure  can  be  com¬ 
pared  In  a  manner  similar  to  that  used  on  the  SNORT  structure.  Because  of  the 
mentioned  potential  for  making  resonant  frequency  measurements  on  structures, 
we  suggest  that  more  work  be  done  to  develop  the  vibration  signature-modal 
analysis  technique  for  use  as  a  field  inspection  tool  for  concrete  structures. 
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PART  VI:  TASK  V  -  MODAL  ANALYSIS,  FINITE-ELEMENT  FEASIBILITY 


240.  Th«  objective  of  Task  V  was  to  investigate  the  feasibility  of  using 
■odal  analysis  in  conjunction  with  a  flnite-elenent  progras  as  a  nethod  of 
assasslng  the  detarioratlon,  structural  Integrity,  and  stability  of  a  concrete 
structure. 

241.  Although  the  resonant  technique  is  presently  available  for  use  as 
a  field  Inspection  tool,  it  should  be  possible  to  deteralne  the  absolute 
Integrity  of  a  structure  when  resonant  frequency  Maaureieents  are  used  In  con¬ 
junction  with  a  mathematical  model.  By  inputting  into  a  finite-element  pro¬ 
gram  various  parameters  of  geometry,  restraint,  and  dynamic  modulus  of  the 
total  structure,  the  resonant  frequencies  and  damping  functions  can  be  calcu¬ 
lated.  Then  these  numbers  can  be  compared  with  actual  measurement  data  from 
the  structure  to  detect  anomalous  response  of  the  structure.  The  finite- 
element  program  should  be  calibrated  from  measurements  made  soon  efter 
construction  when  the  structure  is  known  to  be  sound. 

242.  During  FY  82,  impact-resonance  measurements  were  made  on  the  walls 
of  both  a  prototype  and  a  model  of  a  concrete  building  (Vole  and  Jones  1982). 
Mode  shapes,  resonant  frequencies,  and  damping  factors  were  measured.  Mea¬ 
surements  were  made  on  the  prototype  before  soil  was  moved  against  the  outside 
walls,  and  afterward.  Although  damping  increased  (as  expected)  when  the  wall 
was  covered,  the  significant  finding  was  a  30  percent  Increase  in  the  resonant 
frequency  of  the  fundamental  mode.  After  these  measurements,  the  prototype 
wall  was  subjected  to  blast  loading  and  sustained  minor  structural  damage. 

The  shock-absorbing  soil  was  moved  away  from  the  wall  and  the  impact-resonance 
measurements  were  repeated.  Compared  with  the  Initial  measurements  (without 
soil) ,  there  was  a  slight  decrease  in  the  resonant  frequency  of  the  fundamen¬ 
tal  mode  and  a  significant  decrease  in  damping. 

243.  Modal  analysis  tests  made  on  the  Richard  B.  Russell  Dam  in  Georgia 
(Chlarlto  and  Mlakar  1983)  showed  that  the  damping  was  about  3  or  4  percent  of 
critical.  (Damping  less  than  critical  is  oscillatory  motion  and  damping 
greater  than  critical  is  non-osclllatory.)  Howevsr,  when  cylinders  (made  from 
the  concrete  mixture  used  for  the  dam)  were  tested,  it  was  found  that  the 
damping  of  the  specimens  was  only  about  0.37  percent  of  critical.  The  speci¬ 
mens  were  supported  at  the  nodes  with  narrow  supports  which  minimize  the  loss 
of  energy  to  the  base  supports.  Although  size  may  have  been  a  factor,  the  main 
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factor  Influencing  the  damping  was  tha  boundary  conditions.  By  anbadding  a 
part  of  tha  cylinder  into  aoili  tha  damping  increased  about  400  percent  from 
that  value  made  in  air.  With  the  specimen  lying  on  the  soil*  the  damping  was 
0.55  percent.  When  embedded  in  tha  soil  about  2  in.  deep*  the  damping  was 
0.86  percent  of  critical;  howavev*  when  the  specimen  wae  3  in.  deep  in  the 
soil*  the  damping  was  1.5  percent.  In  all  cases*  damping  was  determined  from 
a  measurement  of  the  fundamental  resonant  frequency  of  the  flexural  mode. 

This  test  indicates  the  ability  of  the  boundary  conditions  to  influence  damp¬ 
ing.  The  frequency  was  not  observed  to  change  significantly. 

244.  Development  of  a  system  that  is  capable  of  determining  the  type 
and  extent  of  deterioration  taking  place  in  a  structure  or  in  boundary  condi¬ 
tions  will  entail  the  bringing  together  of  two  complex  areas  of  technology, 
l.e.*  modal  analysis  and  finite-element  analysis.  Such  an  undertaking  was 
beyond  the  scope  of  this  investigation.  Development  would  be  costly  in 
manpower  and  fiscal  resources.  However*  we  are  continuing  to  demonstrate 
that  modal  analysis  parameters  do  correlate  with  structural  damage  and 
deterioration. 

245.  The  best  measurement  that  researchers  have  made  in  the  past*  to 
test  the  integrity  of  machinery  and  various  equipment*  has  been  to  measure  the 
vibration  levels.  Because  modal  analysis  is  a  more  complex  measurement  of  the 
structural  response  of  a  structure*  it  holds  promise  for  developing  new  tech¬ 
niques  to  evaluate  structures  in  situ  and  nondestructlvely  (Pace  and  Alexander 
1982). 


PAPT  VII;  CONCLUSIONS  AND  RECOMMENDATIONS 


246.  During  the  last  three  or  four  years.  WES  Investigators  and  those 
outside  WES  who  have  been  involved  in  the  ;e'’elopment  of  pulse~echo  systems 
for  measurements  in  portland  cement  concrete  (PCC)  have  come  to  realize  the 
complex  nature  of  this  endeavor.  The  heterogeneity  of  concrete  and  attendant: 
problems  of  energy  dispersion  and  attenuation  of  acoustic  waves  makes  evalu¬ 
ation  by  ultrasonic  pulse-echo  a  very  illusive  endeavor. 

247.  A  literature  review  indicated: 

a.  That  the  development  of  an  ultrasonic  pulse-echo  system  would 
greatly  enhance  the  capability  to  evaluate  the  condition  of 
concrete  structures. 

b.  There  is  no  commercial  equipment  available  for  this  type  of 
testing  in  concrete. 

£.  The  pulse-echo  system  developed  by  OSU  researchers  was 

state  of  th^  art  for  experimental  systems  at  the  time  the 
WES-USBR  effort  began. 

248.  The  prototype  ultrasonic  pulse-echo  system  for  concrete  developed 
by  WES  is  a  significant  improvement  over  the  system  developed  by  the  OSU  team 
of  researchers  considering  the  90  percent  reduction  of  weight  and  dimensions, 
and  an  increase  in  signal  to  noise  ratio  of  over  200  percent.  Work  on  this 
system  should  be  continued  until  an  Improved,  field-worthy  system  is 
developed . 

249.  WES  researchers  developed  an  Improved  ultrasonic  pulse-echo  system 
for  measurement  in  PCC  having  (1)  the  highest  S/N  ratio  (18),  (2)  the  highest 
resolution  (Q  «  2-1/2),  and  (3)  90  percent  less  area  for  the  transducers  than 
the  previous  state-of-the-art  system;  and  recorded  the  first  ultrasonic 

(200  kHz)  impact-echo  measurement  in  PCC.  Impact-echo  measurements  have  pre¬ 
viously  been  done  in  the  sonic  range. 

250.  Investigations  into  the  use  of  radar  for  inspection  of  interior 
PCC  should  continue. 

251.  A  high  resolution  acoustic  mapping  system  was  developed  which  will 
provide,  without  dewatering,  an  accurate  and  comprehensive  evaluation  of  top 
surface  wear  on  horizontal  surfaces  such  as  aprons,  sills,  lock  chamber 
floors,  and  stilling  basins,  where  turbulent  water  flow  carrying  rocks  and 
debris  may  have  caused  eroslon/abraslon  damage. 
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252.  The  results  of  the  study  to  develop  engineering  guidance  to 
establish  a  uniform  method  for  evaluating  the  condition  and  safety  of  existing 
concrete  structures  were  published  in  a  WES  report  entitled,  "Engineering  Con¬ 
dition  Survey  of  Concrete  in  Service"  (Technical  Report  REMR-CS-1  by  Stowe  and 
Thornton  (1984)).  This  report  summarizes  pertinent  inspection  procedures  and 
methods  of  evaluation  used  by  the  Corps  of  Engineers  in  evaluating  concrete 
civil  works  structures.  Techniques  are  presented  which  have  a  potential  for 
ascertaining  the  extent  and  cause  of  inadequacies  in  concrete  structures.  The 
report  can  be  obtained  from  the  National  Technical  Information  Service,  5285 
Port  Royal  Road,  Springfield,  VA  22161. 

253.  A  structure's  resonant  frequencies  are  directly  related  to  its 
mechanical  properties.  For  this  reason,  it  appears  that  the  vibration  signa¬ 
ture  can  be  a  valuable  inspection  tool  to  indicate  changes  in  the  integrity  of 
a  structure.  The  vibration  signature-modal  analysis  tech.ilque  for  use  as  a 
field  inspection  tool  for  concrete  structures  should  be  developed  further  in 
order  to  realize  its  full  potential. 

254.  It  appears  that  modal  analysis  parameters  could  be  used  in  con¬ 
junction  with  a  finite  element  program  to  determine  the  type  and  extent  of 
deterioration  taking  place  in  a  structure  over  a  period  of  time.  Development 
of  such  a  system  would  entail  bringing  together  two  complex  areas  of  technol¬ 
ogy,  l.e.,  modal  analysis  and  finite-element  analysis. 
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APPENDIX  A 

HIGH-RESOLUTION  ACOUSTIC  SURVEYS? 
DESCRIPTIONS  AND  SPECIFICATIONS 


This  appendix  reproduces  a  section  of  a  contract?  in  this 
case,  it  is  Section  F. 


SECTION  P 

DESCRIPTIONS  AND  SPECIFICATIONS 


F.l.  Deacrlption  of  Work 

Provide  high  resolution  acoustic  survey  equipment  and  services 
to  the  government  at  the  site  specified  in  Paragraph  F.2.  Data 
from  the  survey  will  be  used  to  evaluate  the  physical  conditions 
of  the  underwater  portions  of  large  civil  engineering  structures. 
The  requirements  of  this  procurement  differ  from  standard  hydro- 
logical  survey  requirements  in:  the  levels  of  vertical  and  horizontal 
accuracy,  the  ability  to  detect  and  measure  negative  surface 
anomalies  (depressions)  ,  and  the  need  to  provide  full  coverage 
of  broad  areas  in  minimal  time.  Data  shall  be  taken  in  such 
a  manner  that  successive  inspections,  in  following  years, can 
be  made  with  the  assurance  that  the  inspection  data  from  the 

f 

various  surveys  can  be  directly  compared.  Sufficient  data  shall 
be  recorded  so  that  the  x,y,and  z  coordinates  of  each  surveyed 
point  can  be  recalculated  from  the  stored  data.  Measurement 
accuracy  shall  conform  to  the  specifications  supplied  in  Paragraph 

F.4. 


F.2.  Project  Location 

[This  section  to  be  completed  by  the  contracting  agency  for  each 
specific  site.] 

F.2.1.  Name  of  Dam  or  Structure: 

F.2.2.  Location: 


F.2.3.  Nearby  Towns,  Access: 
[Include  a  location  map  or  sketch] 
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F.3.  Site  Specific  Information 


[This  section  to  be  completed  by  the  contracting  agency  for 
each  specific  structure.  The  area  of  the  structure  to  be  surveyed, 
and  any  pertinent  physical  parameters  should  be  included.) 

F.3.1.  Description  of  structure:  dam,  spillway,  lock,  etc. 


F.3.2.  Approximate  area  in  square  feet: 

F.3.3.  Map  or  diagram  of  the  areas  to  be  covered  by  the  recon¬ 
naissance  survey. 

F.3.4.-  Range  of  water  depths  to  be  encountered: 

Minimum  =  Five  feet;  Maximum  =  Thirty  feet 

F.3.4.1.  Water  level  gauges  at  the  survey  site  continuously 
read  water  levels  to  0.1  foot  accuracy  or  better. 

QE 

F.3.4.1.  Contractor  must  provide  water  level  gauges  which 
meet  the  required  accuracy  specifications. 

F.3.5.  Anticipated  minimum  and  maximum  flow  rates: 

F.3.6.  Traffic  conditions: 


F.3.7.  Restrictions  on  working  hours: 


A4 


P.3.8 


Desired  inspection  period  (dates); 


F.3.9.  Survey  support  boat 

F.3.9.1.  Description  of  the  boat  which  the  government 
can  make  available  for  mounting  the  survey  equipment. 

F.3.9.1.  The  contractor  will  be  expected  to  supply  the 
survey  boat. 

[Any  other  site  specific  data  which  would  help  the  contractor 
can  be  included.] 
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F.4 


Sucvey  Specifications 


The  acoustic  survey  will  be  conducted  at  a  rate  which  will  provide 
a  minimum  of  2,000  square  feet  of  reconnaissance  inspection 
coverage  per  hour,  exclusive  of  mobilization  and  setup  time. 
Government  analysis  requirements  dictate  that  the  survey  system 
be  capable  of  determining  the  X,  Y,  and  Z  coordinates  of  a  boundary- 
defined  underwater  surface  under  static  conditions  within  the 
following  minimum  limits. 


F.4.1.  Vertical  accuracy  (Z) -  ±  two  inches 

F.4.2.  Lateral  accuracy  (X,  Y)  -  ±  one  foot 

F.4.3.  Roll  Angle  (  0  ) _ +  0,5  degree 

F.4. 4.  Yaw  Angle  (  0  )  _  ±1.0  degree 

F.4.5.  Survey  coverage: 

F.4. 5.1.  Reconnaissance _  One  sample  per 

two  square  feet 

F.4. 5.2.  Detailed  Inspection -  Two  samples  per 

one  square  foot 


F.4.6.  Flaw  Resolution: 

(Size  of  a  detectable  hole  -  X  x  Y) 

F.4. 4.1.  Reconnaissance _ 2  ft.  x  4  ft. 

F.4. 4.2.  Detailed  Inspection  _  2  ft.  diameter 


F.4.7  Data  to  be  recorded  are  the  X  anl  Y  coordinates  and 

0  and  0  angles  for  each  sample  station,  and  the  z 
data  (time-of-f light )  for  each  transducer  at  that 
sample  station;  together  with  sufficient  descriptive 
information  to  define  the  survey  mode,  location,  and 
time  period. 
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F.5.  Work  to  be  performed  by  the  Contractor 


F.5.1.  Contractor  shall  furnish  all  professional  and  technica] 
labor  and  suitable  technical  and  support  equipment  to 
perform  the  required  acoustical  survey  at  the  specified 
site.  The  crew  and  equipment  shall  be  capable  of  acquiring 
data  meeting  the  specifications  of  Paragraph  F.4. 

F.5.2,  Contractor  will  conduct  a  high-resolution  acoustic  survey 
to  fully  cover  the  area  of  interest  as  defined  in  Paragraph 
F.3.  Provisions  will  be  made  for  providing  a  first-look 
capability  as  the  acoustic  data  is  acquired. 

F.5.3.  All  data  acquired  during  the  survey  will  be  recorded 
on  5  1/4  inch  diskettes,  in  ASCII  format. 

F.5.4.  Upon  completion  of  the  field  survey,  the  Contractor  shall 
process  the  survey  data  to  provide  two  output  formats. 

F.5.4.1.  3-D  graphic  plot  showing  underwater  surface 
relief  to  the  detail  shown  in  Paragraph  F.7. 
F.5.4.2.  Contour  map  of  the  underwater  surface  to  the 
detail  shown  in  Paragraph  F.7. 

F.5.5  Contractor  shall  furnish  data  relatilig  the  coordinates 
of  the  survey  to  coordinates  or  recognizable,  stable 
features  of  the  structure  being  surveyed.  Location  accuracy 
shall  be  within  ±  one  foot. 
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F.6.1.2.  Wide  Scan  Sonar  Controller 

Associated  electronics  shall  acquire  and  process  the  pulse-echo 
sonic  data  collected  over  the  surveyed  areas.  Figure  3  shows 
a  block  diagram  of  the  electronic  section  of  a  controller 
which  has  been  used  successfully  for  this  type  of  work. 
Timing  signals  are  transmitted  by  the  WSS  computer.  The 
signals  activate  the  transmit-pulse  generator  and  the  multi- 
plex-demultiplex  network  which  selects  the  proper  transducer 
and  amplifier.  The  transducer  pulser  and  pre-amplifier 
circuits  shall  be  individually  tuned  to  the  optimum  frequency 
of  each  transducer. 

The  WSS  controller  shall  perform  the  following  functions; 

1.  Activate  the  appropriate  transmitter/preamplifier/ 
transducer  as  addressed  by  the  computer . (Plate 
I) 

2.  Send  a  transmit  pulse  to  each  of  the  acoustic 
transducers  in  sequence  and  start  a  time-of-f light 
clock.  (Plate  II) 

3.  Pre-amplify  the  return  echo  from  each  of 
the  acoustic  transducers.  (Plate  II) 

4.  Detect  the  first-return  echo  above  a  preset  detector 
level,  following  a  transmit  pulse.  (Plate  IV) 

5.  Stop  the  time-of  flight  clock  to  measure 

the  time  interval  from  the  beginning  of  the 
transmit  pulse  to  the  detection  of  the  first 
return  signal.  (Plate  III) 

6.  Store  the  time-of-f light  data  in  digital 
format  for  access  by  the  WSS  computer. 

Notify  the  WSS  computer  when  data  is  ready 
for  transfer. 


7. 


F.6.1.3.  Display  and  Record 


The  WSS  controller  shall  be  interfaced  to  an  ACE  #  1000 
6502-based  computer  or  to  other  computers  with  speed  and 
processing  capabilities  equal  to  or  greater  than  this  unit. 
This  computer  shall  access  the  timing  module  after  every 
data  acquisition  cycle  and  transfer  the  time-of-f light 
data  into  memory  for  processing. 

A  real-time  video  display  controlled  by  the  main  WSS  computer 
shall  be  provided.  This  shall  be  a  columnar  display  of 
the  depth  (Z)  data  from  each  transducer.  The  software 
shall  provide  sreen  scrolling  capability  so  that  several 
sets  of  data  are  available  for  the  operator  to  view  at 
any  time.  It  is  necessary  that  the  operator  be  provided 
the  capability  of  seeing  the  results  in  real  time  so  that 
he  can  note  anomalous  areas  for  further  study. 

All  raw  data  from  the  main  WSS  computer  are  stored  on  magnetic 
format  for  replay  and  printout  after  the  survey.  These 
include  X  and  Y  coordinates  from  the  LOCATOR,  and  yaw  angle 
and  roll  angle  readings  as  well  as  the  time-of-f light  data. 

These  basic  data  fully  describe  the  information  available 
from  any  one  survey  and  can  be  processed  for  printed  or 
graphic  output. 
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F.6.2.  Location  Subsystem 


The  location  subsystem  keeps  track  of  the  position  of  the  transducer 
array  bar.  Since  the  array  bar  is  mounted  on  a  floating  work 
platform,  it  is  free  to  move  in  any  direction,  and  to  rotate 
about  any  of  three  orthogonal  axes,  i.e.,  it  has  six  degrees 
of  freedom  as  seen  in  Figure  4.  The  positioning  subsystem  of 
the  WSS  must  be  capable  of  controlling,  or  determining,  the 
displacement  of  each  of  these  six  degrees  of  freedom.  The  pos¬ 
itioning  subsystem  must  also  provide  measurement  of  the  position 
of  the  moving  coordinate  set  (X',  Y*  and  Z')  relative  to  a  fixed 
coordinate  system  (X,  Y  and  Z). 

F.6.2.1  Vertical 

The  vertical  displacement  and  position  of  the  transducers 
shall  be  controlled  by  precise  placement  of  the  transducers 
on  the  floating  platform,  and  the  floating  level  with 
respect  to  surface  of  the  water. 

Vertical  displacement  shall  be  determined  in  reference 
to  a  major  structural  benchmark.  The  instantaneous 
water  level  shall  be  measured  during  all  data  taking 
times.  Water-level  gauges  already  installed  at  the 
structure  can  be  read  to  obtain  this  information  if 
the  resolution  is  0.01  foot  or  better.  Fluctuations 
of  water  level  during  the  survey  period  must  be  taken 
into  consideration  when  calculating  the  final  results. 

When  the  array  bar  is  attached  to  the  boat  the  distance 
from  the  water  level  to  the  transducer  face  is  carefully 
measured  to  0.01  foot.  This  transducer  draft  shall 
be  subtracted  from  the  water  level  measurement  to  give 
the  absolute,  or  relative,  elevation  of  the  transducer 
face  which  will  not  change  unless  the  water  level  changes. 
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F.6.2.2  Lateral 


Lateral  positioning  shall  be  accomplished  by  triangulation 
using  an  RF-acoustic  ranging  system.  The  system  shall 
measure  the  boat  position  at  all  times  to  better  than 
one  foot  of  lateral  (X,Y)  accuracy r  with  ranging  resolution 
of  ±  two  inches. 

The  LOCATOR  system  shown  in  Figure  5  is  one  example 
of  a  short  range,  high  accuracy  positioning  system 
suitable  for  the  specified  application.  Effective 
range  of  the  system  shall  be  not  less  than  350  feet. 
..  .nge  resolution  shall  be  better  than  ±  2  inches. 
Boat  location  is  immediately  displayed  on  a  video  monitor 
during  survey  operatons  so  that  it  can  be  used  for 
steering  to  targets  or  around  obstacles. 

•  The  acoustic  ranging  network  shall  consist  of  three, 
or  iT’^'ro,  omnidirectional  sonic  receivers  in  stationary 
per',  ions  which  can  be  precisely  located  in  relation 
to  t  structure  to  be  surveyed  and  one  omnidirectional 
sonic  transmitter  mounted  on  the  survey  boat.  Figure 
5  shov"^  the  typical  use  of  an  RF-acoustic  network 
in  a  co.ifined  area. 

Figure  6  shows  a  block  diagram  of  the  functions  of 
an  RF-acoustic  network.  The  transmitter  is  pulsed 
whenever  location  data  is  needed  -  typically  once  a 
second  (Plate  VI).  When  the  pulse  is  triggered,  three 
time-of-f light  clocks  are  started,  one  for  each  of 
the  receivers.  As  the  sonic  pulse  is  detected  by  each 
of  the  receivers,  the  receiver  electronics  triggers 
a  frequency-coded  RF  transmitter.  The  three  RF  signals 
are  received  by  a  RF  receiver  aboard  the  boat  and  the 
appropriate  time-of-f light  clock  is  turned  off  (Plate 
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V) .  The  block  diagram  of  a  suitable  sonic  beacon  (Plate 
VIT)  is  shown  in  Figure  7. 

The  three  tine-of-flight  clocks  are  read  by  the  position 
computer  to  calculate  the  distances  from  the  boat  to 
each  of  the  three  receiver  beacons.  These  distances, 
and  the  surveyed  location  of  the  beacons,  shall  be 
used  to  define  the  location  of  the  boat-mounted  transmitter 
in  terms  of  the  base  survey. 

The  boat  coordinates  are  calculated  from  the  fixed 
acoustic-  beacon  coordinates  and  the  measured  distance 
from  the  boat  to  each  beacon.  With  three  beacons, 
three  pairs  of  distances  are  possible.  The  computer 
shall  be  programmed  to  calculate  the  boat  location 
using  each  of  the  three  pairs.  Ideally  the  three  calculated 
boat  locations  would  be  identical.  The  computer  shall 
be  programmed  to  select  the  most  likely  location  by 
rejecting  false  data,  averaging  good  data,  and  projecting 
the  probable  limits  of  boat  movement. 

An  example  of  calculations  for  one  set  of  X,Y  coordinates 
is  shown  in  Figure  8.  The  position  computer  shall  plot 
these  calculated  X,y  coordinates  as  a  point  on  the 
operator's  videoscreen.  All  preceding  locations  within 
the  range  of  the  screen  shall  also  be  shown.  The  locations 
of  the  acoustic  beacons  shall  be  shown  if  within  screen 
range.  The  course  of  the  boat  shall  be  displayed  as 
a  line  traversing  the  screen.  Software  shall  provide 
that  the  scale  on  the  screen  can  be  easily  changed 
for  large  area,  or  for  detailed,  surveying. 

The  heading  of  the  boat  at  any  point  in  time  shall 
be  calculated  as  the  forward  vector  for  the  present 
location  from  the  most  recent  preceding  location. 


A12 


F.6.2.3.  Rotational 


The  rotational  degrees  of  freedom  of  the  boat  and  array 
bar  are  pitch,  roll  and  yaw.  These  are  shown  in  Figure 

4. 


F. 6. 2. 3.1.  Pitch 

Pitch  is  not  a  significant  factor  if  proper  boat 
selection  is  made.  For  this  application  wave 
action  will  be  minimal  and  it  is  acceptable  to 
assume  that  pitch  will  be  less  than  1  degree 
and  will  not  require  distance  corrections. 

F.6.2.3. 2.  Roll 

The  roll  angle  transducer  shall  be  rigidly  attached 
to  the  transducer  array  bar.  This  device  shall 
measure  the  longitudinal  tilt,  or  roll,  of  the 
transducer  bar,  transform  this  angle  into  digital 
format  and  transmit  the  data  to  the  computer  when 
interrogated  at  the  start  and  finish  of  each  array 
firing  sequence.  The  roll  angle  encoder  shall 
measure  roll  with  resolution  of  0.36  degree  (21 
minutes)  or  better. 

A  roll  angle  of  one  degree  moves  the  center  of 
the  transducer  beam  about  one-half  foot  laterally  at 
the  bottom  of  thirty  feet  of  water.  For  smaller 
angles  no  lateral  position  correction  is  required. 
For  angles  of  one  to  five  degrees  lateral  corrections 
shall  be  applied  for  beam  position  correction. 
Vertical  corrections  of  depth  readings  are  not 
necessary  when  toll  angle  is  less  than  five  degrees. 
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F.6.2.3.3.  Yaw 


Yaw  is  the  horizontal  rotation  of  the  boat  around 
the  Z  axis.  This  shall  be  measured  with  a  digital 
magnetic  compass  which  provides  digital  data  to 
the  computer.  The  yaw  compass  shall  have  1.4 
degree  resolution  and  ±0.7  degree  repeatability. 

The  yaw  angle  and  the  X#Y  coordinates  of  the  center 
of  the  array  bar  shall  be  used  to  calculate  the 
XrY  positions  of  all  depth  measuring  transducers. 
Figure  9  shows  the  relationship  between  yaw  and 
course  of  the  boat. 

The  X,Y  coordinates  of  the  center  of  the  array 
bar  and  the  yaw  angle  shall  be  recorded.  These 
data  define  the  position  of  the  acoustic  transducers. 
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F.6.2.4.  Display 


The  video  display  showing  boat  location  and  progress 
is  part  of  the  LOCATOR  system  and  is  controlled  by 
the  LOCATOR  computer.  The  basic  data  used  by  the  computer 
is  the  coordinate  data  for  the  array  bar  and  the  yaw 
angle. 

The  boat-mounted  computer  shall  calculate  and  keep 
a  running  record  of  the  X  and  Y  coordinates,  yaw,  and 
the  boat  course.  On  a  video  screen  in  front  of  the 
boat  operator  the  transducer  bar  shall  be  shown  as 
a  moving  white  line,  scaled  to  the  length  of  the  bar.  As 
the  boat  moves  forward,  the  transducer-bar  locatior 
line  shall  sweep  across  the  screen  "painting”  a  white 
swath.  To  insure  full  coverage  of  the  area  to  be  surveyed 
the  operator  shall  paint  the  screen  white  with  consecutive 
traverses  of  the  boat.  In  the  example  shown  in  Figure 
10,  the  boat  has  just  started  across  the  survey  area 
and  turned  for  the  first  traverse. 

The  computer  program  shall  provide  means  for  the  operator 
to  return  to  any  area  of  interest  for  subsequent  surveys. 
After  the  operator  enters  the  coordinates  of  the  area 
into  the  computer,  the  target  location  shall  be  displayed 
on  the  screen,  and  the  boat  steered  to  the  area  (see 
Figure  11) . 

The  video  display  scale  shall  be  adjustable  by  the 
operator  to  fit  whatever  area  is  being  surveyed.  The 
screen  display  shall  have  at  least  44,800  pixels,  arranged 
280  X  160.  Screen  resolution  shall  be  at  least  one 
square  foot  per  pixel. 
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P.6.3.  Boat  Requirements 

The  selection  of  a  proper  boat  affects  the  reliability 
and  accuracy  of  the  WSS  inspection  survey.  The  amount 
of  pitch  and  roll  are  affected  by  the  length  and  beam  of 
the  boat  respectively:  the  longer  and  wider  the  boat, 
the  less  the  pitch  and  roll. 

Another  required  characteristic  is  the  ability  of  the  boat 
to  retain  heading  at  very  slow  speeds.  The  boat  used  in 
the  contract  shall  have  twin  screws,  either  inboard  or 
outboard  to  aid  in  steering.  The  survey  boat  used  for 
this  survey  shall  be  capable  of  maintaining  a  steady  course, 
and  keeping  a  speed  of  not  less  than  ten  knots  with  one 
engine  disabled. 

The  boat  should  have  a  load  capacity  of  at  least  2500  pounds. 
The  total  estimated  load  for  the  WSS  equipment  together 
with  the  crew  and  an  observer  is  about  2000  pounds. 


Transducer  Array  Bar  and  Hardware  -  up  to  500# 

WSS  Equipment -  "  150# 

Peripheral  Equipment  -  "  100# 

Generator -  "  150# 

Twin  Outboard  Motors -  "  150# 

Up  to  Pour  People -  "  800# 

Total  Estimated  Load -  "  1850# 


In  addition  to  the  above  basic  safety  requirements,  other 
features  are  desirable  for  ease  of  operation,  and  for  instrument 
protection  and  operation. 

The  survey  boat  used  for  this  contract  shall  have  a  flat, open 
work-area  at  the  bow  to  facilitate  assembling  and  installing 
the  array  bar.  A  square  bow  is  useful  for  the  same  reason, 
and  allows  the  array  bar  to  be  placed  nearer  the  front 
of  the  boat  so  that  data  can  be  taken  up  close  to  walls. 
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An  enclosed  cabin,  large  enough  for  two  men  and  the  WSS 
equipment,  is  a  necessity  for  this  survey  application. 
Flat  sides,  and  a  broad  beam,  are  required  for  roll  stability 
and  to  facilitate  array  installation.  Flat  sides  also 
facilitate  loading  and  unloading. 

Several  boat  manufacturers  make  boats  suitable  for  the 
inspection  survey  requirements  of  this  contract.  One  example 
of  a  suitable  boat  is  the  MonArk  21  foot  Little  Giant. 
With  a  20.5  foot  length,  and  a  7.75  foot  beam,  this  is 
the  smallest  boat  acceptable  for  a  survey.  MonArk  also 
makes  a  22  foot  Workboat  with  an  8  foot  beam  which  would 
be  ideal  for  this  survey.  Specifications  for  these  two 
boats  are  attached.  Survey  boats  by  other  manufacturer 
will  be  acceptable  if  size  and  handling  characteristics 
are  similar  or  superior  to  the  above  boats. 

The  stability  of  the  larger  boats  is  an  advantage,  but 
this  can  be  offset  by  the  difficulty  of  finding  berths, 
transporting,  and  launching  the  larger  boats.  In  general, 
the  largest  available  boat  which  will  fit  into  the  areas 
to  be  surveyed  should  be  supplied. 
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F . 7 .  Equipment  and  Services  Provided  by  the  Government 


The  Government  will  have  the  responsibility  to  supply,  or  arrange 
for  the  following  equipment  and  services. 

F.7.1.  Access  to  the  Inspection  site  during  the  period  of  the 
Inspection,  together  with  and  necessary  licenses,  per¬ 
mits,  or  rights-of-way  required  for  such  access. 

P.7.2.  Maps  and  drawings  of  the  structures  to  be  inspected. 


F.8  Field  OpexfltlQns 


F.8.1.  Contractor  shall  perform  a  calibration  check  of  depth 
and  ranging  equipment  at  the  start  of  the  day,  midway  through 
the  day,  and  at  the  end  of  the  day.  The  check  shall  be  for  the 
purpose  of  determining  the  factor  for  converting  time-of-f light 
data  into  distance  data.  The  depth  check  shall  consist  of  lowering 
a  suitable  target  beneath  one  of  the  3C0  kHz  depth-measuring 
transducers,  and  reading  the  time-of-f light  to  the  target  and 
back  as  the  target  is  lowered  to  successive  one-  foot  increments. 
The  depth  calibration  factor  shall  be  derived  from  the  morning 
readings,  and  shall  be  used  until  midday.  The  midday  reading 
shall  be  used  for  the  remainder  of  the  day.  If  the  midday  and 
evening  calibration  readings  vary  from  the  morning  reading  by 
more  than  0.02  foot,  then  the  second  half  of  the  morning  readings 
shall  be  recomputed  based  on  the  midday  calibration  factor. 
If  the  evening  calibration  factor  varies  from  the  midday  faactor, 
a  similar  afternoon  correction  shall  be  made. 

F.8. 2.  Following  the  morning  calibration  procedure,  the  contractor 
shall  perform  a  static  check  of  the  complete  electronic  system. 
Readings  from  the  roll  angle  detector  shall  be  observed  on  the 
video  screen.  These  readings  should  be  ”0  degrees".  If  they 
are  not  zero,  then  one  end  of  the  transducer  array  bar  should 
be  raised  or  lowered  until  the  desired  zero  reading  of  the  roll 
angle  detector  is  seen.  Holding  the  boat  stable,  the  system 
shall  be  used  to  acquire  and  record  depth  data  for  a  period 
not  less  than  two  minutes.  Data  from  any  one  transducer  shall 
not  vary  more  than  +  two  inches;  ninety  percent  of  the  data 
shall  be  within  ±  one  inch  for  the  system  to  be  considered 
acceptable. 

F.8.3.  Once  these  calibration  and  checkout  procedures  are  satis¬ 
factorily  completed,  the  contractor  shall  proceed  with  the  daily 
acoustic  survey  operation  in  the  reconnaissance  inspection  mode. 
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F.8.4.  At  the  conclusion  of  each  day  of  reconnaissance  survey, 
the  contractor  shall  provide  a  printout  of  the  reconnaissance 
data  for  the  day,  either  in  the  form  of  a  contour  map  of  the 
areas  surveyed,  or  in  the  form  of  individual  distances  for  each 
transducer  shown  to  0.1  foot  or  better. 

F.8.5  The  technical  representative  of  the  government  at  the 
site  may  request  that  specific  areas  of  the  structure  may  be 
resurveyed  in  the  Detailed  Inspection  mode.  These  areas  shall 
be  resurveyed  by  the  Contractor  at  the  earliest  practicable 
time,  and  the  printed  data  delivered  to  the  Government  repre¬ 
sentative.  This  survey  work  will  be  charged  on  an  hourly  basis, 
with  a  minimum  charge  of  two  hours  for  each  such  request. 

F.8.6.  If,  in  the  best  judgment  of  either  the  Contractor  or 
the  Government  representative,  it  is  necessary  to  delay  the 
survey  operation  because  of  traffic,  weather,  high  water,  or 
any  other  conditions  which  would  interfere  with  the  survey  operation, 
the  crew  and  equipment  shall  go  on  standby  until  such  conditions 
change.  If  it  is  determined  by  the  Government  representative 
that  the  conditions  will  not  change  within  a  reasonable  period 
of  time  then  the  crew  and  equipment  will  be  demobilized.  The 
Contractor  will  be  paid  the  standby  rate  for  each  full  hour 
in  standby  status,  but  not  less  than  two  hours  for  each  standby 
occurrence.  If  the  Government  representative  determines  that 
demobilization  is  necessary  before  the  survey  is  completed, 
then  the  Contractor  will  be  paid  a  re-mobilization  fee  when 
the  contract  is  restarted. 

F.8.7.  In  the  event  that  excessive  turbulence  seems  to  be  present, 
the  Government  representative  at  the  site  may  request  a  repeat 
of  step  F.8.2  to  determine  the  effect  of  the  turbulence  on 
the  data.  If  the  effects  of  turbulence  are  such  that  the  data 
from  the  survey  would  not  be  useful  to  the  government,  the  Government 

representative  may  request  that  the  crew  and  equipment  go  on 
standby  status  until  conditions  become  better.  Each  such  test 
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of  the  turbulence  shall  be  considered  as  one  hour  of  additional 
survey  work  for  payment  purposes. 

F.8.8.  At  the  beginning  of  the  first  survey,  the  Contractor 
may  be  requested  to  demonstrate  the  resolution  and  the  accuracy 
of  the  system  by  su..  .-eying  above  a  target  prepared  and  positioned 
by  the  Government.  The  target  will  replicate  the  resolution 
and  accuracy  limits  specified  in  Paragraphs  F.4.1,  F.4.2,  and 
F.4.6. 
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F. 9  Documentation 


F.9.1.  The  Contractor  shall  submit  to  the  Contracting  Officer 
within  thirty  days  after  the  completion  of  the  survey ,  a  typewritten 
report  which  shall  contain  all  the  findings,  conclusion  and 
recommendations  pertinent  to  the  survey  activity.  The  report 
shall  include,  but  not  be  limited  to,  identification  of  all 
procedures,  equipment,  field  activities,  and  factors  which  affect 
the  data  results.  The  report  shall  include  copies  of  the  contour 
maps  of  the  areas  surveyed,  and  reduced  scale  copies  of  the 
3D  plots  of  the  areas  surveyed.  Survey  stations  shall  be  identified, 
and  tied  to  recognizable  stations  or  points  on  the  surveyed 
structure. 

F.9.1.1.  The  report  shall  be  copied  on  8  1/2"  x  11"  paper, and 
bound  with  plastic  binders. 

F.9.1. 2.  Twenty  copies  of  the  bound  report,  including  contour 
m^ps  and  3D  plots  shall  be  delivered. 


F.9.2.  A  compccite  contour  map  shall  be  provided  of  the  contiguous 
areas  surveyed.  The  map  scale  shall  be  1  to  100  (1  inch  =  8 
feet  4  inches).  The  map  shall  be  divided  so  that  each  segment 
of  the  map  shall  fit  on  an  11"  x  17"  sheet  for  reproduction 
and  binding  into  the  report. 

P.9.2.1.  The  contour  interval  for  the  map  shall  be  selected 
with  consideration  of  the  amount  of  relief  detected  in 
the  area  surveyed.  Contour  intervals  shall  not  be  less 
than  two  inches,  and  not  more  than  one  foot. 

F.9.3.  A  3D  plot  of  the  survey  data  for  the  entire  contiguous 
area  surveyed  shall  be  provided.  This  presentation  is  to  be 
similar  to  that  shown  in  Figure  13.  The  scale  shall  be  selected 
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tio  that  the  overall  relief  is  easily  seen,  and  so  that  the  entire 
area  can  be  drawn  on  one  sheet,  not  to  exceed  24"  x  36"  in  size. 
r[!ypically  the  vertical  scale  will  be  10  to  20  times  the  horizontal 
scale.  This  3D  plot  will  be  reduced  to  fit  an  11"  x  17"  sheet 
for  reproduction  and  binding  into  the  report. 

F.9.4.  In  addition  to  the  report,  the  documentation  shall  include 
all  of  the  raw  survey  data  which  was  recorded  on  diskette. 
This  shall  be  provided  in  a  form  which  is  useable  by  the  Government 
in  its  computer  facility.  Data  shall  be  provided  in  the  following 
format. 


F.9.4.1.  Medium:  [  Tape,  diskette,  disk,  cassette,  etc] 
F.9.4.2.  Format:  [  ASCII  or  other  code] 

F.9.4.3.  Other  specifications 
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F.IO.  Payment  Schedules 


F.10.1.  Payment  for  the  survey  and  the  related  tasks  shall  be 
calculated  in  accordance  with  the  following  schedule. 


F.IO. 1.1.  Preparation,  Mobilization,  and  Setup 
F.IO. 1.2.  Reconnaissance  Survey 
F.IO. 1.3.  Detailed  Inspection  as  Requested 
(  Two  Hour  Minimum  ) 

F.IO. 1.4.  Additional  Calibration  Checks 
(  One  Hour  per  Event  ) 

F.IO. 1.5.  Standby  Time  as  Required 
F.IO. 1.6.  Documentation 


Sum  Job 
Sum  Job 
Per  Hour 

Per  Hour 

Per  Hour 
Sum  Job 


F.IO. 2.  Invoices  for  payment  shall  be  submitted  within  thirty 
days  after  the  completion  of  each  of  the  above  tasks.  Invoices 
may  be  submitted  at  the  end  of  each  calendar  month  for  partial 
completion  of  any  of  the  above  tasks  with  the  exception  of  F.IO.  1.6. 
(Documentation) ,  wnich  must  be  completed  before  the  work  is 
invoiced. 
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TABLE  I 


EQUIPMENT  LIST 

SUBSYSTEM  >  ITEM  SIZE  WEIGHT 

_ _ LLBSl 


ACOUSTIC 

WSS  Computer  2  "25 

6502  microcomputer  w/64  K  RAMr  one 
disk  drive,  high-resolution  video 
monitor,  and  multifunction  series/ 
parallel  I/O  card. 

Interface  Card  na  na 


WSS  Controller  3  "SO 

Pulser/Amplif iers 
T.O.F.  Detectors 
Roll  Ang.  Reader 
HV  Power  Supply 
Multiplex  Control 

Transducer  Array  variable 

(Up  to  ten  feet  long, 
up  to  500  pounds  in 
air) 


LOCATOR 

Computer  2  "23 

6502  microcompu'  w/  48K  RAM, 
one  disk  drive,  video  monitor 
and  multifunction  I/O  card. 

Controller  na  na 

Compass  1  ~10 

Digicourse  #218  w/  #259  Interrogator 

Interface  2  "25 

Transmitter 

Sonar  transmitter,  2l»-50  kHz 

Sonic  Beacons  (3  Req'd)  "50 

25-50  kHz  sonar  reciver?  with 
auto-triggered  RF  trano.  ;ers, 
selectable  transmit  fr  .ency 

RF  Receivers  (3  Req'd)  "10 

Selectable  frequencies  to  match 
the  above  transmitters. 
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TRANSDUCERS 


Figure  1.  Wide  Scan  Sonar  (WSS)  -  Functional  Block  Diagram 
The  WSS  computer  collects  data  from  position  and  time- 
of-fllght  sensors,  and  then  processes  the  data  for  display 
and  storage.  The  array  location  Is  shown  on  the  "X,Y  PLOT" 
upper  left.  The  bottom  elevation  (Z)  data  for  each 
transducer  Is  shown  on  the  "Z  DISPLAY",  upper  right. 
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Figure  2.  Transducer  Array  Layout 

This  Is  one  possible  arrangement  of  transducers  for  a 
large-area  survey.  Any  number  of  transducers,  up  to  16, 
may  be  used.  The  array  bar  may  be  smaller  for  use  In 
restricted  areas. 
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Figure  4.  Definitions  of  Coordinate  Systems  and  Parameters 
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12-0006 


Figure  6.  LOCATOR  -  Block  Diagram 

The  controller  Initiates  three  time-of-fl Ight  clocks  at 
the  same  time  that  the  sonic  transmitter  Is  fired.  When 
the  sonic  signal  Is  detected  at  each  of  the  beacons,  that 
beacon  sends  a  coded  RF  pulse  to  the  controller  Interface, 
and  that  beacon's  clock  Is  stopped.  The  three  clock  read¬ 
ings  are  converted  to  distances  (D«V*T).  and  the  three 
distances  used  to  triangulate  the  boat  position. 
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Figure  7.  LOCATOR  Sonic  Beacon  -  Block  Diagram 

The  pulse  from  the  sonic  transmitter,  lowwer  right,  trav¬ 
els  through  water  (V»4.9  ft/msec)  to  the  beacon.  The 
received  signal  is  amplified,  filtered  and  level  detected. 
Signal  detection  triggers  an  RF  signal  which  travels  through 
air  to  the  RF  receiver.  Each  RF  transmi t-recei ve  pair  oper¬ 
ates  on  a  separate  frequency.  RF  travel  time  is  negligible 
in  relation  to  the  sonic  travel  time. 


Figure  8.  Calculation  of  Boat  Coordinates 

The  LOCATOR  computer  performs  this  set  of  calculations 
using  three  pairs  of  distance  readings:  DA  and  DB;  DB  and 
DC;  and  DC  and  DA.  The  three  sets  of  X,Y  coordingates 
for  the  boat  are  compared  and  averaged  to  derive  the 
final  X,Y,  coordinates  for  processing  and  storage. 
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XaY, 


'  XiY, 

Figure  9.  Course  and  Yaw.  Course  is  calculated  as  the  vector 
between  X  and  Y  locations,  converted  to  magnetic  bearing. 
Yaw  is  the  angular  difference  between  the  course  bearing 
and  the  compass  reading  of  the  array  bar. 


SURVEYED  AREA 
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Figure  10.  Position  Computer  Display  -  Survey  Positions. 
This  sketch  shows  the  survey  boat  having  made  one  traverse 
across  the  survey  area,  and  turning  to  start  a  longitudinal 
traverse.  For  full  coverage  the  boat  would  be  maneuvered 
until  the  screen  has  been  completely  filled  in. 
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BOAT  POSITION 


SURVEY  AREA 


Figure  11 •  Steering  the  Boat  to  a  Selected  Target  Area.  The 
area  in  which  subbottom  profiles  are  to  be  run  is  outlined 
on  the  screen.  Boat  progress  is  shown  as  a  line  of  points 
calculated  by  the  position  coipputer. 


Figure  12.  Traversing  the  Target  Area.  Subbottom  profiles 
are  run  over  the  target  area.  The  course  of  the  boat  is 
traced  on  the  video  display. 
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Figure  14.  Real-time  data  display,  Run  3  (File  04)  in 
the  auxiliary  lock.  Dashed  line  added  to  point  out 
some  major  lineations. 
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Figure  IS.  Typical  original  field  data  printout r  a 
section  of  Run  3  corresponding  to  the  lower  half 
of  the  data  display  in  Figure  14.  Note  the 
uplifted  cracked  slab. 
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LITTLE  GIANT 


Length  Oven^l 

21’ 

20'6" 

23’ 

22'9" 

Length  Overall 

2308-C 

22-1 0" 

Beam  Overall 

7’9” 

7’9" 

Beam  Overall 

8*0" 

Depth  Midship 

3’2" 

3’2" 

Depth  Midship 

3*8" 

Displacement 

2, DOC  lbs.  2.400  lbs. 

Displacement 

4,300  lbs. 

Draft  (Hull) 

VI" 

r3" 

Draft  (Hull) 

1’3" 

Load  Capacity 

2,800  lbs.  3,400  lbs. 

Load  Capacity 

4,000  lbs. 

Standard  Power 

Outboard  Outboard 

Standard  Power 

Inbovd/Outboard 

Cabin  Dimensioii& 
Length 

8’4" 

8’4" 

Cabin  Dimensions 
Length 

8’6" 

Width 

5’4" 

5’4" 

Width 

5*8" 

Height 

5'0" 

5’0" 

Height 

6’0" 
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